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Abstract 
 
This thesis advocates the importance of representational fluency in physics education. Multiple 
representations in science (e.g. graphs, words, equations, and diagrams) has been an area of 
much interest in physics education research in recent years. Representational fluency, however, 
is a somewhat novel idea. The thesis argues that this little-used term, representational fluency, 
is a way to draw together various ideas on how and why the use of multiple representations is 
important for physics students, educators, and education researchers alike.  
 
Representational fluency is investigated by considering three questions: what is representational 
fluency; what role does representational fluency play in physics learning; and how can students’ 
development of representational fluency be facilitated?  
 
This thesis explores these questions through the format of an introduction, five journal articles, 
and a general discussion combining the conclusions of each paper. 
 
The first paper presents the development, use, and publication of a survey to measure 
representational fluency, the Representational Fluency Survey (RFS), which is the first of such 
surveys in the literature. The RFS is a seven item survey which involves the participant solving 
problems that are difficult due to the representations in the question, rather than the level of 
physics content knowledge. 
 
A second paper illustrates how the RFS is used to further develop our understanding of 
representational fluency. The RFS allowed diagnosis of significant differences in the levels of 
representational fluency of different cohorts of students at the University of Sydney and 
identification of various features of students with a high level of representational fluency. It was 
found that the representational fluency of students with a higher level of physics learning 
experience was significantly greater than that of students with a lower level of physics learning 
experience and the difference was evident even within the first year cohort.  
 
Due to the apparent disparity of levels of representational fluency amongst different cohorts of 
students at the university, the subsequent three papers relate to research into effective 
pedagogies that facilitate the development of representational fluency.  
 
A format of presenting direct instruction on a particular physics representation through 
worksheets and consolidating this knowledge with applied questions was trialled as a possible 
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method of instruction. It was found to alter the way that students use representations in 
following questions. This was done in the context of students in their final year of high school.  
 
The format was adapted to suit a university physics course in the structure of a semester-long 
set of weekly online learning modules designed to introduce students to representations relevant 
to the upcoming week’s lectures. The uptake and effectiveness of online learning modules was 
investigated first: it was found that university students were willing to participate in the 
modules and that the modules were of benefit to student engagement as intended in their design. 
 
Therefore, an experiment was conducted with the first year physics students at the University of 
Sydney. The students were randomly separated into two streams. One stream participated in 
weekly online learning modules focussed on relevant physics representations, the other stream 
participated in similar modules which more conventionally focussed on relevant physics 
concepts. 
 
Using the RFS as a pre-post test, it was found that students participating in the modules on 
physics representations had the largest learning gains in representational fluency. This 
demonstrates an effective pedagogical tool to support students in developing their 
representational fluency. Using an established test of conceptual physics understanding, it was 
also found that the students from each stream of online learning modules developed conceptual 
physics knowledge by comparative amounts across the semester.  
 
In these ways, this thesis advocates the importance of representational fluency, through 
defining, diagnosing, and developing representaitonal fluency of university students. 
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Chapter 1:  
Physics - who can understand it? 
The scene is a typical Australian high school. It is the end of 4th period and two hungry students 
emerge from the science classroom to walk their books to their locker, and retrieve lunch. 
These students, Timothy and Simon1
 
, are both talented students – like many youth at high 
school – and are similar in many ways. They both like learning, playing sport, watching movies, 
and were together in the school musical the previous year. En route to their lockers the students 
debrief from their typical physics lesson; today they were introduced to Kirchhoff’s Voltage and 
Current laws. 
Timothy:  Do you think the oval will be open at lunch today? There has been a lot of rain. 
 
Simon:  I hope so, I need to use some energy after that last class. 
 
Timothy: Were you bored? 
 
Simon: No, not bored. It was interesting – it was just a really hard class this time. I 
understood the words, but I just don’t get what we were trying to learn. Were 
you able to do all of those problems? 
 
This surprises Timothy completely – he found nothing difficult about the last hour. It took some 
thinking, but all he had to do was apply what their teacher was saying and everything seemed 
like it fell into place. In fact, he had been sitting next to Simon and Simon had given no 
indication of struggling with understanding. 
 
Timothy: Yeah, I didn’t think it was too bad...  
 
Timothy realises that he doesn’t want to suggest that Simon is unintelligent. 
 
...but you know – physics can be hard to understand. What about it did you find 
hard? 
 
Simon: You could understand that? How! What is the secret? I don’t know what in 
particular was hard about it – but I guess you are right – physics is hard!   
                                                          
1 Coincidentally, the names of the author’s siblings. 
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1.1 What is the secret? 
How might we explain this scene which has been experienced and witnessed by so many in 
science education? 
 
What is it about a student that allows them to understand the complex ideas found in physics?  
 
Physics is widely regarded as a discipline containing ideas and problems that are difficult to 
understand. Many have tried and failed, though some students succeed at navigating the 
difficult path of attaining physics knowledge and thought. What is it about a person that enables 
them to understand these ideas when others struggle? What makes someone good at learning 
physics and participating in the discipline? Crucially, can we identify characteristics of 
successful physics learners? If so, can we develop these characteristics in others such that they 
also become successful learners? 
 
This thesis chooses to focus on one potential candidate for such a characteristic, namely 
representational fluency or the ability of students to use scientific representations of information 
(e.g. graphs, words, diagrams, or equations) for meaning making and problem solving. It 
describes a journey of understanding more about representational fluency and its role in physics 
understanding. The work seeks to answer three questions that surround the issue of 
representational fluency: 
1. What is representational fluency? 
2. What role does representational fluency play in physics learning? 
3. How can students’ development of representational fluency be facilitated?  
 
1.2 A brief introduction to Representational Fluency 
1.2.1 Representations in physics 
Physics, like many of the scientific disciplines, uses various means to present information and 
ideas. Examples of these means of presentation include graphs, words, diagrams, or equations. 
In much of the literature, and therefore in this thesis, these means of presentation are referred to 
as different representations. Often, the same information can be depicted through various 
representations (Figure 1.1). Each representation has particular ways that it is more helpful, or 
less helpful in different situations, depending on the content and also the purpose of the 
representation (is it for communication, problem solving, developing one’s own understanding, 
etc). This is referred to as a representation’s affordances.  
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Figure 1.1: An illustration of how physics (similar to other scientific disciplines) uses multiple 
representations to depict the real world situation (Redish, 2003). 
 
If multiple representations can be used to depict the same situation, the different affordances 
mean that not all representations are as helpful as each other to do so. As such, it is not 
surprising that multiple representations are utilised in physics teaching, instructional materials, 
research articles and popular communication. However, the use of multiple representations 
assumes that the intended audience can decipher this language of physics. In the case of physics 
students, they will require familiarity with individual representations and their affordances in 
order to understand material as it is presented to them. In addition, they must develop the skills 
or regulative techniques to be selective in choosing the combinations of representations they use 
in order to achieve the best outcome for their own physics understanding, problem solving, and 
communication. Students who successfully do this attain what we refer to as representational 
fluency. 
 
1.2.2 Fluency with representations 
As alluded to in the above section, learning to use representations in physics can be seen as 
similar to learning a new language. The person who has successfully mastered a language is 
commonly referred to as being fluent in that language. Language fluency is far more than being 
merely able to recognise and identify words and their meanings. It is also more than being able 
to comprehend what messages in that language say (though of course this is a pre-requisite to 
language fluency). Someone who is fluent in a language can converse fluidly and easily in that 
language. They can communicate with native speakers. They can understand the overall 
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meaning of a message even if they are unable to perfectly understand every word. Rather than 
translating each term or phrase back into a more familiar language, a fluent speaker will begin 
to comprehend in the new language, they will think in that language and some have even 
suggested that the mark of fluency is that they will dream in that language.  
 
If representations are the language of physics, one must become representationally fluent before 
one can participate in the disciplinary discourse, otherwise physics will always seem like it is in 
a foreign language. Those who are representationally fluent will be able to understand 
representations and use them with ease. They will be able to process information in a variety of 
representations (or combinations of representations) and be able choose the best representations 
for a particular purpose. Even if they are unable to understand every single representation 
perfectly, they are confident in their ability to make meaning from the context. Importantly, 
someone who is representationally fluent will begin to think in the language of representations, 
they will view the world through a representational lens. This is helpfully depicted in the 
cartoon “how scientists see the world” (Figure 1.2).  
 
 
Figure 1.2: Adapted from the "World View" comic by Abstruse Goose (http://abstrusegoose.com/275). 
 
Therefore, the simplified definition of representational fluency that is used in this thesis is as 
follows: 
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Representational Fluency (Physics): 
The ability to work within and translate among representations used 
in the physics discipline with ease2
 
.   
1.3 Representational fluency in the literature 
Each of Chapters 2-6 as journal articles include literature reviews. In order to avoid repetition 
the five separate literature reviews are not compiled here in the introduction. This section 
focuses exclusively on how research into representational fluency has grown from the literature 
but until this thesis representational fluency has not been formally identified or defined.  
Detailed literature reviews on topics ranging from the benefits of using multiple representations, 
the difficulties of teaching representations, alternative theories regarding multiple representation 
use, diagnostic testing in science, instructional design, and blended learning, can be found in the 
following chapters. 
 
Recently, there has been increasing research both into how students use particular 
representations (e.g. free body diagrams) and into how such representations can best be used for 
problem solving, communication, and scientific learning. An example of this is Rosengrant, 
Van Heuvelen, and Etkina’s study (2009) finding that students who draw free body diagrams 
correctly are more likely to solve exam problems correctly and that students draw free body 
diagrams in order to both help solve problems and as an evaluative tool. Less common, 
however, is research into the use of not one but multiple representations.  
 
For practitioners, teaching methods are being developed and tested to help scaffold the use of 
particular representations. Research has given helpful insights into how students learn the most 
effective ways to use graphs (Beichner, 1994; Bowen, Roth, & McGuinn, 1999; Roth & Bowen, 
1999; Roth & Bowen, 2003; Woolnough, 2000), free body diagrams (Fisher, 1999; Rosengrant, 
Van Heuvelen, & Etkina, 2005; Wendel, 2011), equations (Bieda & Nathan, 2009; Leung, Low, 
& Sweller, 1997; Sherin, 2001) and the like, and especially into how to avoid common pitfalls 
with using these representations. However, this research invariably focuses on students learning 
particular types of representations, rather than improving students’ ability in using the whole 
range of representations they need as their education progresses. 
                                                          
2 Adapted from Bieda and Nathan (2009). 
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Finally, those who research multiple representations tend to use three inter-related but distinct 
terms. These three ideas are known as metavisualisation (Gilbert, 2004), representational 
competence (Hand & Choi, 2010; Stieff et al., 2011) and metarepresentational competence 
(diSessa, 2004). See Chapter 3 for a more detailed discussion of different perspectives on 
multiple representation use. Representational fluency is an amalgamation of these three ideas, 
drawing on elements of each (Figure 1.3). 
 
 
Figure 1.3: Representational fluency - incorporating three views of multiple representations 
 
Airey and Linder (2009, p.27) have suggested that “Fluency in a critical constellation of modes 
of disciplinary discourse may be a necessary (though not always sufficient) condition for 
gaining meaningful holistic access to disciplinary ways of knowing”. The term “critical 
constellation” refers to a threshold level of ability in not only one but some combination of 
representations for a discipline. This thesis uses this framework in drawing a parallel between 
representational fluency and this threshold ability to engage with the combination of scientific 
representations as a person progresses within one disciplinary.  
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1.4 Contribution to the literature 
Therefore, this thesis seeks to contribute to the literature in three novel ways. This research:  
• Shifts the focus from researching particular, individual representations to integrated 
research into multiple representations. 
• Consolidates different perspectives on multiple representations into a generic idea of 
“Representational Fluency”, specifically through the creation and use of a survey to 
measure representational fluency. 
• Provides practical, research-driven teaching methods to facilitate students improving 
their representational fluency in a technologically driven age of education. 
 
1.5 Outline of the thesis 
1.5.1 Phase 1: Defining and diagnosing representational fluency 
The first part of this thesis recounts the development of the Representational Fluency Survey 
(RFS), which was used to probe the levels and features of representational fluency in hundreds 
of students from a broad spectrum of undergraduate students at the University of Sydney. There 
are three implications arising from the creation and implementation of the RFS at the 
University: 
4. The RFS now exists and has been shown to be a valid and reliable diagnostic test 
available for use. 
5. A deeper understanding of the characteristics of representational fluency has been 
attained, including evidence for representational fluency being an important contributor 
to success in university physics. 
6. A cross-sectional analysis of the representational fluency of physics students at the 
University of Sydney was mapped. This also resulted in students who had demonstrated 
low levels of representational fluency being identified to enable early intervention. 
 
The first of these implications is described in Chapter 2 of the thesis with the paper titled 
“Developing and Evaluating a Survey for Representational Fluency in Science” (Hill, Sharma, 
O’Byrne, & Airey, 2014). Points 2 and 3 are elaborated on in Chapter 3 with a follow up paper 
“Variation in students’ representational fluency at university: A cross-sectional measure of how 
multiple representations are used by physics students using the Representational Fluency 
Survey” (Hill & Sharma, In press). 
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An important implication of the development and use of the RFS was the identification of a 
group of first year physics students with significantly lower levels of representational fluency 
than their fellow first year colleagues who had greater success in physics generally and a higher 
level of representational fluency. The results of the succeeding research suggested that these 
students may find progressing through senior years of physics difficult without improving their 
level of representational fluency. This was not seen as a satisfactory situation, which instigated 
the second phase of the research into defining, diagnosing and developing representational 
fluency. 
 
1.5.2 Phase 2: Developing representational fluency 
In this phase, the research turns to an investigation into how representational fluency can be 
developed, specifically for first year university physics students who have been identified as 
having a lower level of representational fluency than may be required for further physics study. 
A number of factors had to be considered in the construction of an educational resource. 
Content and delivery method were explored separately before implementing a large scale 
teaching intervention to support first year students and to conduct first hand research into how 
we may be able to improve students’ representational fluency. 
 
Educational worksheets were developed from a range of previous research studies and these 
were trialled at two high schools with year 12 physics students (a broadly similar stage of 
physics education as first year university physics students). The trials were used to iteratively 
develop the design and this process is presented in Chapter 4 as a paper entitled “Research 
based worksheets on using multiple representations in science classrooms” (Hill & Sharma, 
2015). The result was a framework and initial sets of worksheets that had been shown to 
develop characteristics of representational fluency as identified by the use of the RFS. 
 
These worksheets needed to be in a form that was sufficiently scalable to allow up to 900 first 
year university students to complete multiple exercises throughout the semester. The desired 
format was transforming the worksheets into weekly online learning modules intended to cue in 
students to particular representations that were to be used in the upcoming week’s lectures. This 
was a form of flip-lectures where students are prepared for lecture-based instruction by material 
delivered to them before face-to-face class time. To ensure that this was a suitable medium of 
delivery for educational content, a preliminary analysis was completed on how students 
participated in online learning modules with no consideration of the specific content. Chapter 5, 
in the form of the paper “Pre-lecture online learning modules in university physics – student 
participation, perceptions and subsequent performance” (Hill, Sharma, & Xu, 2015), explains 
how there were high levels of engagement from first year physics students in the modules and 
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the students themselves indicated changes in the way they were learning in lectures. The 
conclusion was that this medium was appropriate for an attempt to develop a particular aspect 
of a students’ physics learning. 
 
The preparation for the intervention, described in Chapters 4 and 5 led to a research-based, 
quasi-experimental study to try and improve the representational fluency of first year physics 
students. The students were randomly assigned to one of two groups; a treatment group who 
received representations-based instruction in the form of online learning modules, and a control 
group who received online learning modules on upcoming physics concepts to be covered in 
lectures (topics like different types of friction or energy). The conceptual knowledge and 
representational fluency of the students from each group were measured at the start and end of 
the semester-long experiment to determine the relative effectiveness of each set of modules. It 
was found that while both sets of modules resulted in learning gains on both the conceptual and 
representational fluency tests, students who had completed the online learning modules 
focussed on physics representations had greater gains in the area of representational fluency. 
This demonstrates that representational fluency can be improved through physics instruction, 
and more particularly that instruction targeting physics representations can change how students 
use these representations in their learning. The successful intervention is described in Chapter 6 
in the paper “How online learning modules can improve the representational fluency and 
conceptual understanding of physics students” (Hill, Sharma, & Johnston, 2015). 
 
In Chapter 7, the thesis concludes with an exploration of the implications of this body of work, 
particularly the contribution to the body of literature and opportunities for future research. 
There are also many ways in which the research can inform teaching practices and educational 
design, demonstrating the immediate practical outcomes of the work.  
 
1.5.3 A note on thesis structure 
As chapter 2, 3, 4 and 6 are accepted or published papers, and chapter 5 is a paper to be 
published, they are included in this thesis with the same words and format as were accepted 
through the peer-review process. This means that the way that this thesis is arranged as atypical. 
Rather than having one literature review or reference list, each chapter has its own literature 
review and references.  
 
In a similar way, the numbering of figures and tables restarts each chapter in order to preserve 
much of the published form. 
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In contrast, the appendices are not presented and repeated at the end of each chapter rather they 
have been grouped together as the Appendices A-D of the thesis.   
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2.1 Abstract 
Various representations, used for communication and problem solving in science, are an 
unspoken prerequisite for learning, understanding, and participating in scientific communities. 
Work has been done highlighting the importance of competence in particular multiple 
representations in science learning, the specific representational practices for the different 
disciplines, and to translating between representations. However, limited attention has been paid 
to obtaining a threshold level of ability in, not only one, but some combination of 
representations for a discipline.  This notion leads to generic fluency with various 
representational forms used in science, with discipline specific expertise – representational 
fluency nuanced for a particular discipline. The aim of this study is to examine representational 
fluency nuanced for physics.  This is achieved through the development of a survey instrument, 
the Representational Fluency Survey (RFS), consisting of representationally rich multiple 
choice items obtained predominantly from various validated sources. The survey was 
implemented with 334 students from first year to postgraduate at an Australian university to 
capture a cross-sectional snapshot of representational fluency nuanced for the specialization of 
physics. Reliability and validity were determined through standard statistical analysis and 
through consultation with experts. The results show that representation fluency develops across 
the years, and that there is a threshold associated with fluency. However, our study does not 
comment on causality. We demonstrate that in coalescing existing research on multiple 
representation while paying attention to disciplinary differences is a potentially fruitful pursuit.  
The RFS test of representational fluency in science is tailored to be used with university physics 
students but illustrates that adaption for other specializations may be possible. 
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2.2 Introduction 
Societies, and particularly academic communities, rely on individuals and groups being able to 
communicate effectively. The purpose of using representations e.g. graphs, diagrams, 
mathematical equations etc. is often in order to communicate more effectively or efficiently, 
whether it is in collective understandings of financial reports, advertising campaigns or 
scientific research. These “communities of discourse” use common language and 
representations (visual, linguistic and symbolic) to communicate (Driver, Asoko, Leach, 
Mortimer, & Scott, 1994). For science, Airey (2009, p.52) defined the term “disciplinary 
discourse” to describe the set of representations. He suggested that in order for disciplinary 
outsiders to become part of an academic discourse community, they must become fluent in 
disciplinary discourse (Figure 2.1). Airey and Linder (2009, p.27) have suggested that “Fluency 
in a critical constellation of modes of disciplinary discourse may be a necessary (though not 
always sufficient) condition for gaining meaningful holistic access to disciplinary ways of 
knowing”. The term critical constellation refers to a threshold level of ability in, not only one, 
but some combination of representations for a discipline. Multiple representation fluency is, 
thus, this threshold ability to engage with the combination of science representations as one 
progresses within one disciplinary discourse.  
 
 
Figure 2.1: The different representational modes required for participation in a disciplinary discourse. 
These include images, spoken and written language, mathematics, gestures and working practices. 
Students must develop fluency in a ‘critical constellation’ of these modes to be a part of the community 
of discourse (Airey & Linder, 2009).  
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Within sciences, therefore, the multiple representations that make up disciplinary discourse are 
critical for understanding content, communicating, and for practices including modelling, 
problem solving and prediction to applications (Schwarz, Reiser, Davis, Kenyon, Acher, Fortus, 
Schwartz, Hug, & Krajcik, 2009).  
 
From the 1970’s to the 1990’s multiple representations have been embedded (presented but not 
explicit) in research on problem solving (de Jong & Ferguson-Hessler, 1986; Larkin, 
McDermott, Simon, & Simon, 1980a) and novice expert studies (Larkin, McDermott, Simon, & 
Simon, 1980b). The Force Concept Inventory (Hestenes, Wells, & Swackhammer, 1992) paved 
the way for multiple choice concept surveying of large numbers of students.  Such surveys 
indirectly exploit multiple representations to elicit student understandings.  The utility of 
multiple representations in these areas demonstrate their centrality within science discourse, 
resonating with the need for developing fluency in a range of modes (Figure 2.1).  More recent 
qualitative studies explore student engagement with the different representations and fluency to 
translate between them (Fredlund, Airey, & Linder, 2012; Gilbert, 2008; Kozma, 2003; 
Rosengrant, Van Heuvelen, & Etkina, 2006; Woolnough, 2000). Building on this research, the 
question of whether students develop generic fluency in a range of science-specific multiple 
representations which are tuned to a particular discipline, but also somewhat independent of that 
discipline, has not been broached.  In other words, can physics students answer not only 
physics, but also chemistry and biology questions that require fluency with multiple 
representations that are common within physics?  To investigate this question, we designed a 
survey, where fluency in a number of representations is tested. In the survey the information 
necessary for answering the individual survey items is provided within the question. So the 
physics student has all the information necessary to answer the biology question, using the 
representation.  Of course the survey is for specialization in physics so there are more physics 
questions and there are subtleties associated with the interplay between the physics and the 
representation utilized.  Our focus in providing all the content information is an attempt to keep 
content, including conceptual knowledge, somewhat independent of the multiple 
representational fluency that we are interested in.  
 
This paper describes the development of the survey and its subsequent evaluation when used to 
investigate a group of undergraduate physics students’ fluency with representations. 
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The specific aims are to 
• create a survey to measure scientific representational fluency amongst university 
physics students; and 
• evaluate the survey using relevant statistical analysis. 
 
This study uses a mixed methods approach - quantitative data to statistically analyze the survey 
and qualitative data considering how students approach the questions.    
 
2.3 Background 
2.3.1 Multiple representations  
This refers to the many ways that information can be presented. Examples of representations 
include the spoken or written word, symbols, equations and images (graphs, photographs, 
diagrams, maps, plans, charts, tables and statistics). Using appropriate representations can be 
helpful because they can be memorable (Aldrich & Sheppard, 2000), overcome cognitive load 
limitations (Ainsworth, 2006), and portray relationships where they are not obvious (Bowen, 
Roth, & McGuinn, 1999; Goldman, 2003). In addition, the construction of representations has 
also been linked with successes in learning science (Prain & Tytler, 2012). The more abstract 
representations can be seen as short-hand, condensed notation employed by a discipline in its 
discourse such that fluency with these is central to successfully entering the discipline 
(Vygotsky, 1978). Hence, due to the co-dependence of representational fluency and disciplinary 
learning, physics experts are more fluent than novices with physics multiple representations. 
However, to our knowledge, no attempt has been made to examine generic representational 
fluency and its interplay with subject specialization.  
 
The study of Chi, Feltovich, & Glaser (1981) highlights the impact of representational format 
on novice and expert students’ perceptions of physics problems. They asked eight PhD students 
(“experts”) in physics and eight undergraduate students with only one semester of physics 
(“novices”) to sort physics problems into categories of their choosing. The experts sorted the 
problems according to the underlying physics concepts such as conservation laws whilst the 
novices grouped the problems according to the diagrammatical format relating to the given 
problem and whether the corresponding diagrams were similar. It was concluded that novices 
were distracted by the surface or representational features and were less likely to identify the 
underlying concept of the problem. Experts demonstrate increased ability to translate between 
representations when asked to reproduce problems (de Jong & Fergusion-Hessler, 1991). Being 
able to translate between representations, experts are able to use the variety of tools (epistemic 
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forms) at their disposal to attempt to solve the problem. The suggestion is that there is a 
threshold level of ability in a combination of representations necessary for solving a given 
disciplinary problem, representational fluency students need to learn to successfully solve the 
problem (Airey & Linder, 2009). 
 
Dufresne, Gerace, & Leonard (2004) developed a teaching strategy to illustrate that the 
representations students choose to use are not always the ideal ones and to help students 
consider using non-algebraic representations when solving problems. University physics 
students were given problems and asked to solve them multiple times using strobe diagrams (a 
time-lapse representational format), algebra and graphs. The students commented that particular 
representations made solving the problem easier even though they wouldn’t have used that 
representation if they had the choice. This suggests that not only do students require a threshold 
level of ability in particular representations, but the ability to choose the most appropriate 
representation to generate a solution, that is to recognise the disciplinary affordances of the 
different representations (Airey & Linder, 2009; Fredlund et al., 2012), what we term 
representational fluency.   
 
2.3.2 Representational Fluency 
Aspects of representational fluency appear in the literature through three related perspectives. If 
visualization is defined as the process of making meaning out of representations, 
metavisualisation is someone fluent in visualization, or able to “acquire, monitor, integrate, and 
extend, learning from representations” (Gilbert, 2008, p5-6). This perspective of 
representational fluency focuses on particular criteria including understanding of all 
representations across three dimensions (1D such as equations, 2D such as most graphs, 3D 
such as physical objects) and three levels (macro, sub-micro and symbolic).  
Metarepresentational competence (MRC) is another perspective of representational fluency. 
The primary focus of MRC is a metacognitive approach to representations where individuals 
are able to understand the rationale and design strategies of creating particular representations. 
Displays of MRC include the ability to create or invent new representations, to understand, 
explain and critique representations for adequacy of use and learning new representations 
quickly (diSessa, 2004). Representational Competence (Kohl & Finkelstein, 2005; 2006b) looks 
more closely at the domain specific constellation of representations, working exclusively in 
physics, chemistry or biology. The term is also is used of ability in particular representations as 
opposed to cross-representational competence. However, multi-representational instruction and 
simulations have been identified as methods of developing representational competence (Stieff, 
2011). 
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Representational fluency, as described in this paper, is an integration of these perspectives. 
There are elements of each perspective, such as the importance of translating between 
representations and making meaning in metavisualization, the metacognitive skills required for 
metarepresentational competence, and a recognition of domain specific representational 
competence. What is unique about representational fluency is that it is a cross-disciplinary 
threshold level of ability that incorporates a level of comfort (hence fluency) with using a 
variety of representations for a given purpose within a discipline of specialisation. 
 
2.3.3 Diagnosing representational fluency 
The most common way to investigate representational use is to leverage either individual 
problems, or novel combinations of problems to investigate particular facets of representational 
reasoning (Kohl & Finkelstein, 2006a; 2008; Meltzer, 2005; Woolnough, 2000). Meltzer (2005) 
used individual problems expressed using various representations to compare how well students 
would perform on the same physics question (similar to Dufresne et al. (2004)). The results 
indicated that students in general prefer questions expressed with verbal reasoning, and that 
female students had more difficulty than male students answering questions presented in a 
graphical format. The ‘far end of the spectrum’ is observational data, including viewing student 
work and watching interviews which undoubtedly provides benefit and illumination, but does 
not allow for large scale quantitative comparisons of representational use and/or understanding 
across institutions and student groups (Fredlund et al., 2012; Rosengrant et al., 2006; Sia, 
Treagust, & Chandrasegaran, 2012). To date, there is no investigation into the development of 
representational use (and/or understandings) with incremental increases in disciplinary 
expertise, but there are studies that compare experts with novices.  This paper attempts to fill 
this void by providing a cross sectional snapshot of representational fluency.    
 
In contrast to small scale (often qualitative) studies such as those described above, diagnostic 
tests for large classes offer a different way of examining student competencies. Concept 
inventories have gained in popularity since the 1990s with the formation and extensive use of 
the Force Concept Inventory (FCI) (Hestenes et al., 1992). There have been extensive 
conceptual tests developed in a wide variety of disciplines. Concept inventories in physics and 
engineering may be the most varied and popular (Beichner, 1994; Ding, Chabay, Sherwood, & 
Beichner, 2006; Muller, Bewes, Sharma, & Reimann, 2008; Streveler, Miller, Santiago-Roman, 
Nelson, Geist, & Olds, 2011; Tongchai, Sharma, Johnston, Arayathanitkul, & Soankwan, 
2009).  
 
One particular type of diagnostic test, using two-tiered multiple choice questions, examines not 
only student selections from multiple choices but also obtains their reasons for choosing their 
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answer. These have been used to gain insight into student thinking on topics such as 
thermodynamics (Rollnick & Mahooana, 1999), biology (Haslam & Treagust, 1987), and 
logical thinking (Tobin & Capie, 1981). Three-tiered multiple choice surveys can also be found 
in the literature, typically adding student confidence as a further factor (Caleon & 
Subramaniam, 2010). Multi-tiered surveys have been shown to be a valid method of diagnosing 
student conceptual knowledge, specific misconceptions, and variables of student thinking 
(Tamir, 1989).  
 
There are also a series of surveys focused on a single type of representational use, often in a 
particular context. Beichner’s survey on kinematic graphs investigates graphs but in a highly 
contextualized situation of interpreting kinematic questions (TUGK) (Beichner, 1994). Another 
recognised representation-based survey is the Purdue Spatial Visualization of Rotation 
(PSVT:R) test (Bodner, 1997) investigating spatial ability for introductory chemistry. These, 
along with the qualitative papers on representational reasoning with regards to individual 
questions (Fredlund et al., 2012), are all related to specific representations and not directly 
about the threshold level of ability in one or more representations necessary to access 
disciplinary discourse.   
 
Therefore, the Representational Fluency Survey (RFS) presented in this paper is designed to be 
the first diagnostic test of the threshold level of ability in a range of representations necessary to 
access disciplinary discourse for the domain of university physics. 
 
2.4 Iterative Development of the Survey 
2.4.1 Philosophy of the Survey 
Practitioners often suggest that students who have learning experience in one scientific domain 
find learning in another scientific domain somewhat easier than students with no science 
experience.  This aligns with the notion of the disciplinary discourse one gets accustomed to in 
science, suggesting there is a generic element to students’ fluency in a repertoire of multiple 
representations.  In addition, as students specialize in their science subjects, the discourse within 
that discipline specializes too, such that a biology student is accustomed to a nuanced discourse 
within the sciences.  In this study we focus on science multiple representations nuanced for a 
physics specialization.  The problem questions on the survey are from across the sciences but 
have been selected for the physics specialization (see Appendix A).  Each problem contains all 
the explicit content including conceptual knowledge information necessary to answer the 
problem.  This, combined with the choice of problems from different sciences, facilitates a level 
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of decoupling of the multiple representations from explicit content including conceptual 
knowledge. The primary goal of the survey was therefore to examine physics students’ fluency 
with different representations somewhat decoupled from testing how well they know physics 
concepts.  
 
This posed two key challenges. Firstly, which representations should be included and secondly, 
how will representational fluency be examined. “Representational fluency” is the threshold 
level of ability in, not only one, but a combination of representations, such as graphs, words, 
equations and diagrams, to effectively solve problems.  This could involve solving problems (i) 
presented in a particular representational format, (ii) requiring a particular representational 
response, or (iii) allowing for alternative representations to help elucidate the information 
presented in a problem.  
 
The representational reasoning selected from within the science discourse as providing 
affordances for the physics specialization are: 
• Graph-based – A symbolic/visual representation 
• Word-based – A linguistic representation  
• Equation-based – A symbolic representation focused on arithmetical and algebraic 
equations 
• Diagram-based – A visual representation 
 
Problems were presented with different combinations of either graph-based and/or word-based 
representations but were designed so that all four sets of representations (and potentially others 
not listed) may be helpful for students to use during the process of solving the problem. 
 
The second challenge in measuring representational fluency was addressed by working with a 
team of experts, strategically sourcing questions, utilizing a two-tier structure to the problems 
(Haslam & Treagust, 1987) and a three-tier scoring scheme (a variation of (Caleon & 
Subramaniam, 2010), checking with interviews and utilizing an iterative development process.   
The development process involved the four phases shown in Figure 2.2 and described in the 
sections below.  
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Figure 2.2: Flow chart summarizing the development and use of the survey. 
 
2.4.2 Collating items 
The criteria for problem items (hereafter referred to as “items”) was for them to utilize 
representations from the science discourse with affordances for physics specialization. 
Furthermore, the items had to contain all the information necessary and require minimal extra 
content, including conceptual knowledge, such that every student doing the survey (covering all 
levels of physics student at university) would be able to answer correctly, provided that they 
could use the representations fluently. The items were to be typically multiple choice and allow 
for various pathways for students to get to the answer utilizing multiple representations. 
 
It was initially decided not to generate items but to choose from those available and to 
scrutinize the existing data for those questions. The existing data included an item’s difficulty 
and discrimination from published and unpublished results, including local data (the known 
difficulty for some questions is presented in table 2.1). After an extensive search through a 
range of question sets and surveys, four sources were used to generate a short list of nine 
possible items that met the required criteria. With permission, items were selected from the Rio 
Tinto Big Science Competition 3
                                                          
3 The Big Science Competition is run in many Australian, New Zealand and Singaporean high schools by 
Australian Science Innovations, a not for profit organization committed to providing high quality science 
extension programs for students and teachers. Further information on Australian Science Innovations can 
be found on their website: 
 senior paper 2007, and The Australasian Schools Science 
www.asi.edu.au. 
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Competition 4
 
 2003 and 2004 papers. These papers are produced by established academic 
organizations which undertake thorough testing with high school students validating the 
questions’ difficulty and discrimination. Three items were drawn from well established surveys 
in published literature. Two were selected from the Force and Motion Concept Survey (FMCS) 
(Thornton & Sokoloff, 1997), along with one item used by Beichner (1994) on testing student 
understanding of kinematic graphs (another established survey). Finally, two items were 
specially created, designed to allow for varied representational choices for how students gave an 
explanation in their answer.  
The representations in the survey were in the format of three graph-based items (problems 
based around interpretations of graphs with some supporting words), three word-based items, 
two items involving both word and graph-based representations, and one item requiring the 
construction of a graph. Each had the capacity for students to include at least three different 
types of representations in their explanations of how they attained their answer (See table 2.1). 
The items were compiled into an initial survey which was put through an iterative process of 
two pilot studies, and cross-checked by a panel of experts. 
 
2.4.3 Pilot Study 
To investigate whether the items were sufficiently decoupled from physics content including 
conceptual knowledge, the initial survey was administered to a group of students undertaking a 
preparatory program prior to studying science at University (Box 2 in Figure 2.2). They had 
limited background experience in physics or other science subjects. Based on the student 
responses, the suitability of each item was assessed by a panel of ten experts in the field of 
physics education research, five of whom have over thirty years of physics education 
experience. The assessment was based on the criteria that when students answered a question 
incorrectly, their explanations revealed that their misunderstandings were due to misreading the 
graphs or verbal information, or mistakes while working with various representations rather 
than their limited background in physics or science. This analysis of the pilot study supported 
the premise that the survey was successful in appropriately decoupling physics content, 
including conceptual knowledge from fluency with representations. 
 
To further confirm that the questions had a sufficient difficulty and level of discrimination for 
undergraduate physics students, the survey was then deployed to 9 randomly selected university 
                                                          
4 The Australasian Schools Science Competition (ASSC) was produced annually by the Educational 
Testing Centre, University of New South Wales (UNSW). ASSC is now published as the International 
Competitions and Assessments for Schools (ICAS) by Educational Assessment Australia, an education 
group of UNSW Global Pty Limited, a not-for-profit provider of education, training and advisory 
services and a wholly owned enterprise of UNSW. 
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students covering various levels of undergraduate physics learning experience. Again, the 
expert panel was engaged in this process. On average, students answered 7.8 of the 9 questions 
correctly, which was higher than expected. There was a trend where students from higher levels 
of physics learning experience scored better than novice students. As a result, two items which 
had both a very high success rate, and where most students used the same representations in 
their explanation, were removed. This increased the sensitivity of the instrument and resulted in 
the seven items of the final survey. Once students’ explanations were taken into account, the 
difficulty and discrimination of the survey was deemed appropriate to be run with all levels of 
undergraduate physics students at the university.  
 
2.4.4 Final survey 
The link to the full survey can be found in Appendix A but it is summarized in table 2.1, which 
describes the main representations which constitute the item, the most common representations 
utilized in student explanations, the original source, and difficulty from previous studies (table 
2.1). Each item is two-tiered (Haslam & Treagust, 1987) and a three-tiered scoring scheme, as 
described below, has been utilised (a variation of (Caleon & Subramaniam, 2010)).   
 
Table 2.1: Summary of each item in the RFS 
Item 
number 
Main 
representation 
format in 
information 
Representation 
format in student 
explanations 
Source 
 
Difficulty5
 
 
1 Graphs Words 
Graphs 
Equations 
Beichner (1994) 16%  
Of  USA high school 
and university students 
tested 
2 Words Words 
Equations 
Diagrams 
FMCE 
(Sharma, Johnston, 
Johnston, Varvell, 
Robertson, Hopkins, 
Stewart, Cooper, & 
Thornton, 2010; 
Thornton & Sokoloff, 
1997) 
17%   
Of 1st year fundamental 
physics students at the 
University of Sydney 
(Sharma et al., 2010) 
3 Graphs Words 
Equations 
Australasian Schools 
Science Competition 
2003, Year 12, Q37 
42.7% 
Of Australian, year 12, 
high school students 
tested 
4 Graphs Words 
Graphs 
Equations 
Australasian Schools 
Science Competition 
2004, Year 12, Q32 
44% 
Of Australian, year 12, 
high school students 
tested 
                                                          
5 The difficulty is the percentage of students giving the correct answer in previous research. 
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5 Words Words 
Graphs 
Diagrams 
Written for this survey n/a 
6 Graphs Words 
Graphs 
Equations 
Written for this survey n/a 
7 Graphs, Words Words 
Graphs 
Equations 
Diagrams 
Big Science competition 35% 
Of Australian, year 12, 
high school students 
tested 
 
2.5 Analysing student responses: marking and coding 
For each item, up to three marks were awarded corresponding to the three tiers. The criteria for 
success of each tier is:  
1.1 Selecting the correct answer to the representationally rich multiple choice 
question (referred to as the student’s “answer”) 
1.2 A scientifically congruent explanation (using any representation), relevant to 
the question and leading to the answer. It may not always end up producing the 
answer chosen by the student. (referred to as the student’s “explanation”) 
1.3 Consistency between the chosen “answer” and the “explanation” in that the 
explanation leads to the selected multiple choice answer, further demonstrating 
representational fluency. (referred to as a “consistent/inconsistent explanation”) 
 
The items were presented one per page and, for each item, the page involved space where 
students were invited to “Provide information supporting your answer or why you chose your 
answer” (Figure 2.3). The exceptions were questions 4 and 6 (see Appendix A), although each 
had space where extra explanation was required. 
 
This multifaceted marking scheme allowed for examining the threshold level of ability in, not 
only one, but some combination of representations, that is a broad scale of representational 
fluency. A selection of five student responses for question 1 is presented and coded in Figure 
2.3.  
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Figure 2.3. Five student (A-E) responses to item one showcasing various representational responses and 
demonstrating the use of the three-tier marking system in Table 2.2 below.  
 
Table 2.2. Demonstration of the three-tier marking system. To be read with Figure 2.3. 
Question 
Number → 
 
1.1 
 
1.2 
 
1.3 
 
 
 Correct Answer Scientifically Congruent 
Explanation 
Consistent answer & 
explanation 
Total 
Student A    3 
Student B    3 
Student C    1 
Student D    1 
Student E    0 
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For this question, students who chose the correct multiple choice answer “B” demonstrated an 
ability to interpret the words of the question and the graphs presented for the possible answers 
(Student A and Student B). Those students who were also able to give a scientifically congruent 
explanation in any representations, consistent with their answer, would attain a full three marks 
for that item. In Figure 2.3, Student A uses correct equations and graphical representations 
(describing that they are looking at the “area under the graph”) and by filling in the area under 
graphs and Student B also uses a correct equation. 
 
Student C did not choose the correct answer (chose “C”) but did offer a scientifically congruent 
explanation, “Area under graph is greatest”. Therefore Student C will attain one mark for the 
explanation, but neither marks for the answer or the consistency. 
 
Similarly, Student D will receive only one mark. This student’s answer “D” was consistent with 
the explanation: “As the rate of acceleration is increasing with time, the velocity is increasing at 
an ever increasing rate”. But the answer was incorrect, and the explanation, while a true 
statement in the same context area as the question, was not in any way leading to the answer 
and therefore the second-tier mark could not be awarded. 
 
Finally, Student E did not achieve a mark on any tier. The answer was incorrect, the explanation 
was not scientifically congruent, and there was no consistency between the explanation and the 
chosen answer.  
 
From here on, it will be considered that the seven item survey had a total of 21 “questions” 
referred to as questions 1.1, 1.2, 1.3, 2.4, 2.5... 7.20, 7.21 etc, where the number before the point 
indicates the item and the second number indicates the question. This resulted in the survey 
being worth a maximum of 21 marks. 
 
2.6 Implementation 
The instrument was used with physics students from different levels of physics learning 
experience within undergraduate physics at the University of Sydney. The phrase “levels of 
physics learning experience” refers to the six different groups of students grouped according to 
the level of physics course being undertaken at university. The groups include 1st year 
fundamental, regular and advanced, 2nd year, 3rd year, and a postgraduate level masters 
equivalent cohort (PG).  
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Students were given a maximum of 30 minutes to complete the survey, but on each occasion 
participation was voluntary and students were not required to use the maximum time. From 
anecdotal evidence, many students did not stay for the whole time for various reasons unrelated 
to the activity. Students in 1st and 2nd year completed the survey during a supervised laboratory 
session at the end of semester 1. The 3rd year students completed it in a supervised laboratory 
session at the start of the following semester. The postgraduate students were offered the survey 
in a controlled environment during the four week break between semesters. This process was 
repeated in 2011 and 2012 at the university. 
 
On average, the response rate was 50%. Surveys which had more than one answer missing (that 
is, did not choose a final answer for more than one item) or surveys with more than two (2) 
explanations left uncompleted, did not meet the minimum criteria. These strict criteria ensured 
the validity of the implementation by focusing on only the students who were engaged at the 
same level. This allowed for the diversity of responses across the various levels of learning 
experience to be adequately compared. As a result, approximately 25% of the manuscripts 
conformed to the criteria and were used for analysis.  
 
Z-tests to compare the final physics examination marks of students who completed the RFS 
manuscripts, according to the criteria above, with the full cohort showed that there was a low 
probability (P<0.15) that there was a self-selection bias amongst the students resulting in an 
uncharacteristic sample from the student groups. 
 
2.7 Evaluation of the Survey 
In this section, the validity and reliability of the RFS will be examined.  
 
2.7.1 Validity 
Validity is a process which will need to be continually assessed (Streveler et al., 2011) through 
the various future uses of the RFS to determine its suitability for various groups of students. 
Here the focus will be on content validity and face validity, as indicated by the development 
process, results of the survey, and interview data. 
 
Content validity – The breadth of the questions covers the breadth of representational ability 
As discussed earlier, there is considerable difficulty measuring a broad range of representational 
ability, with many researchers choosing to focus on individual representations, such as a 
particular form of graphs (e.g. Beichner (1994)). With the constraint of a 30 minute test, the 
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maximum of 7 items limited the breadth of the items. Items were chosen such that various 
visual and verbal representations could be used to reach the answer. In particular, the graphs in 
items 1, 3, 4 and 7 are very different – using a kinematic graph, a column graph, a nomogram, 
and multiple two variable line graphs needing to be combined. This diversity, combined with 
the varied integration of words, from sparse (items 1 and 3), even (item 7), to only words (items 
2 and 5), allows the measurement of a broad range of representational fluency.  
 
In addition to this, the form of the questions contributes to the content validity. By assigning 
three separate marks for each item (e.g. 1.1, 1.2 and 1.3) the RFS not only measures the ability 
of individuals to interpret the given representation to attain the correct answer, but also their 
own form of representational reasoning and their ability to relate self-constructed 
representations to both the information and answer. This means that the questions cover a wide 
breadth of representational fluency. 
 
Face validity –The questions appear to differentiate between students on the basis of some 
measure of their representational ability 
Face validity was determined using three mechanisms: the criteria for item selection, 
comparisons to results from conceptual surveys, and interviews.  
 
Firstly, the items were chosen to have low conceptual knowledge requirements to minimise the 
effect on the survey’s validity for assessing representational fluency. Some items had been 
selected from other tests already verified as examining a particular facet of representational 
ability. Finally, the explicit process of selecting representation-rich items was carried out in 
regular collaboration with the expert panel (including multiple individuals with over 30 years 
physics education experience). 
 
Secondly, RFS results were compared with results of surveys testing conceptual knowledge. 
The University of Sydney has been implementing the structure of separating the 1st year cohort 
into fundamental, regular and advanced students for 20 years. Research has shown that the 
groups’ performance on valid conceptual surveys (Tongchai, Sharma, Johnston, Arayathanitkul, 
& Soankwan, 2011) shows a linear trend, see figure 2.4a.  
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Figure 2.4: (A) The average student mark from conceptual surveys. (B) The average student mark for the 
representational survey (RFS). Error bars, where available, depict 95% Confidence Intervals. The R2 
values indicate the linear increase of conceptual understanding across the four levels of physics learning 
experience rather than indicating a correlation between continuous data as normally used. The linearity of 
the concept test results across the four levels is not reflected in the RFS scores. Rather, we see two groups 
represented by the joining lines in figure (B). 
 
The figure shows results from two internationally recognised conceptual surveys - The Force 
Motion Concept Evaluation used with Regular and Advanced Students in 2004 (Sharma & 
Stewart, 2004) and Fundamental students in 2007-2009 (Sharma et al., 2010), and the 
Mechanical Waves Conceptual Survey (Tongchai et al., 2011). In comparison, figure 2.4b 
shows the results from the RFS, administered to the same level of students, at the University of 
Sydney. The RFS indicates almost no discernible increase from the 1st year fundamental to 
regular students then a jump to advanced. The different trend clearly shows that the survey used 
in this investigation is assessing a different ability, and we argue that this ability is 
representational fluency.  
 
Lastly, interviews were conducted with eleven 1st year regular students in 2013 at the 
University of Sydney. Students who had already completed the RFS under test conditions were 
given blank copies and asked to explain why particular questions were difficult. None of the 
students indicated that they did not have the appropriate content, including conceptual 
knowledge to solve any problem. The quotes below indicate that students’ difficulties were 
associated with interpretation and use of representations. 
 
Student F referring to item 4: “(I) have never done this before, and never seen this graph 
before”  
 
Student F referring to why item 7 was difficult: “The stimulus, with the written part describing 
the different types of dwellers and the graphs... I probably couldn’t put them together and 
synthesise that information” 
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Student G referring to item 5: “I tend to have struggle (sic) with problems where there is a 
whole bunch of stuff you have to integrate [interpret] that are presented in words... translating 
this text (to vectors) takes a lot more time”. 
 
The interview results, together with the design and comparative analysis of results, support the 
thesis that the RFS has high face validity.  
 
2.7.2 Reliability 
The consistency, potential for repeatability and discrimination power of the survey were 
evaluated using four statistical tests (Tongchai et al., 2009): the difficulty index, discrimination 
index, point bisereal coefficient, and Chronbach’s alpha reliability index. The formulas and 
statistical methods for each index can be found in other publications of Ding et al. (2006; 2009) 
and Wuttiprom, Sharma, Johnston, Chitaree, & Soankwan (2009). 
 
Difficulty index (P) 
To function as a reliable diagnostic survey each question of the test, and the test as a whole, 
should not be too easy or too hard. The difficulty index is the fraction of the number of students 
in each group who answered the question correctly divided by the number of students who 
attempted the question. The lower the difficulty index (P) the more difficult the question. 
Typically, an acceptable difficulty index will be between 0.2 and 0.8 (Kubiszyn & Borich, 
2003), though some argue that even questions with a difficulty of up to 0.9 are acceptable (Ding 
et al., 2006). See table 2.3 for the difficulty index of each question of the RFS. 
 
Values lightly shaded are of a difficulty index greater than 0.8, but less than 0.9. Values greater 
than 0.9, where questions are too difficult for a group, have been coloured with a darker shade. 
Observation indicates that there are no questions that are too difficult, rather some questions are 
easy across all groups of students (questions 6.17 and 6.18 have difficulty indices above 0.8 for 
almost all groups).  Question 1.3 has a high index. This indicates that participants have written 
consistent answers and responses for item 1. We consider it appropriate to have such an item 
where students give consistent working to give students confidence for the rest of the survey. 
The difficulty for question 2.1 is very different when comparing the Fundamental (0.28) and 
Regular (0.80) students. Overall, different groups of students are finding different questions and 
representations difficult to varying degrees. 
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Table 2.3: Difficulty indices of each question separated for student groups 
 
Item Question 
Overall 
n=334 
1st year 
n=165 
1st Fund 
n=43 
1st Reg 
n=61 
1st Adv 
n=61 
2nd Year-PG 
n=169 
 
1 
1 0.79 0.65 0.47 0.57 0.87 0.93 
2 0.79 0.66 0.47 0.61 0.85 0.92 
3 0.90 0.83 0.74 0.75 0.97 0.96 
 
2 
4 0.68 0.65 0.28 0.80 0.77 0.70 
5 0.72 0.62 0.40 0.56 0.85 0.82 
6 0.76 0.68 0.47 0.66 0.85 0.85 
 
3 
7 0.63 0.53 0.35 0.44 0.74 0.74 
8 0.53 0.45 0.28 0.33 0.69 0.62 
9 0.84 0.83 0.84 0.75 0.90 0.85 
 10 0.69 0.62 0.56 0.59 0.69 0.76 
4 11 0.63 0.55 0.42 0.49 0.70 0.70 
 12 0.70 0.65 0.53 0.62 0.75 0.76 
 13 0.87 0.87 0.74 0.85 0.98 0.86 
5 14 0.82 0.78 0.70 0.69 0.93 0.86 
 15 0.85 0.85 0.74 0.82 0.95 0.86 
 16 0.77 0.76 0.74 0.75 0.77 0.78 
6 17 0.97 0.96 0.98 0.90 1.00 0.99 
 18 0.85 0.84 0.91 0.77 0.87 0.85 
 19 0.41 0.33 0.16 0.28 0.51 0.49 
7 20 0.40 0.33 0.19 0.23 0.52 0.48 
 21 0.63 0.55 0.47 0.51 0.66 0.72 
 Mean 0.73 0.67 0.54 0.62 0.80 0.78 
No Shading, P≤0.8; light shading, 0.8<P≤0.9, dark shading P>0.9 
 
Discrimination index (D) 
Discrimination is important for diagnostic surveys as it allows the students who have a 
representational fluency to be clearly distinguished from the students who do not. It is measured 
by subtracting the difficulty index individual questions for the students within each group who 
scored in the top 25% and bottom 25% on the overall RFS. Questions with little or no 
discrimination (D<0.3) are deemed unhelpful in contributing to a meaningful total score. Table 
2.4 presents the discrimination indices for each question. 
 
In table 2.4, the shaded cells indicate that the discrimination index is less than 0.3, that is, the 
question does not discriminate for that group. There is more discrimination for the 1st year 
fundamental and regular groups that the other two groups. Items 1, 2 and 3 have one question 
which has a low discrimination but the other two questions for those items have high 
discrimination indices.  
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Table 2.4: Discrimination indices of each question separated for student groups 
 
Item Question 
Overall 
n=334 
1st year 
n=165 
1st Fund 
n=43 
1st Reg 
n=61 
1st Adv 
n=61 
2nd Year-PG 
n=169 
 
1 
1 0.57 0.51 0.72 0.74 0.27 0.18 
2 0.51 0.44 0.72 0.67 0.27 0.16 
3 0.27 0.29 0.22 0.34 0.07 0.09 
 
2 
4 0.25 0.17 0.08 0.20 -0.07 0.11 
5 0.58 0.54 0.34 0.61 0.27 0.30 
6 0.53 0.39 0.43 0.54 0.20 0.34 
 
3 
7 0.59 0.51 0.63 0.49 0.40 0.43 
8 0.66 0.56 0.54 0.43 0.33 0.64 
9 0.23 0.24 0.30 0.28 0.07 0.27 
 10 0.52 0.49 0.43 0.80 0.67 0.48 
4 11 0.59 0.61 0.45 0.74 0.73 0.48 
 12 0.49 0.44 0.54 0.34 0.67 0.55 
 13 0.37 0.27 0.60 0.20 0.07 0.34 
5 14 0.41 0.39 0.70 0.34 0.13 0.30 
 15 0.40 0.22 0.60 0.27 0.07 0.39 
 16 0.24 0.17 0.11 0.01 0.27 0.36 
6 17 0.07 0.12 0.00 0.20 0.00 0.02 
 18 0.11 0.12 0.01 0.01 -0.07 0.16 
 19 0.69 0.54 0.17 0.43 0.67 0.73 
7 20 0.66 0.51 0.26 0.37 0.53 0.77 
 21 0.58 0.44 0.32 0.35 0.73 0.66 
 Mean 0.44 0.38 0.39 0.40 0.30 0.37 
No Shading, D≥0.3; Shading, D<0.3 
 
Point biserial coefficient (rpbs) 
The point biserial coefficient indicates the consistency of results between individual questions 
and the survey as a whole. A high value of rpbs for a particular question indicates that a student 
who gets a high score on the survey is likely to get that question correct. Criteria of rpbs≥0.2 is 
generally considered adequate. Figure 2.5 shows the point biserial coefficients for each 
question. 
 
The three questions which have rpbs<0.2 are all from the same item, questions 6.16, 6.17 and 
6.18. Item 6 has also returned non-ideal results for each of the previous statistical tests. All 
other questions are above the threshold of 0.2. Excluding question 6, the average is rpbs=0.47 
which supports the hypothesis that the survey is internally consistent. 
 
International Journal of Innovation in Science and Mathematics Education, 22(5), 22-42, 2014. 
 
33 
 
 
Figure 2.5. Point biserial coefficients for each question 
 
Chronbach’s alpha reliability index 
Another measure of internal consistency, Chronbach’s alpha takes into account multiple 
questions when correlating with the total score. An alpha ≥0.7 is generally considered adequate. 
The values of alpha for the survey are presented in table 2.5. Item 6 was excluded from this 
analysis due to low discrimination and point biserial coefficient. For each student group, the 
value of Chronbach’s alpha is high and the overall value of 0.78 indicates a high level of 
internal consistency on the survey.  
 
Table 2.5: Chronbach's alpha reliability indices separated for student groups 
Overall 
n=334 
1st Fund 
n=43 
1st Reg 
n=61 
1st Adv 
n=61 
2nd Year-PG 
n=169 
0.78 0.67 0.69 0.64 0.71 
 
2.8 Discussion 
We have described the formation and evaluation of the RFS designed to test the fluency of 
physics students in science representations. The survey was verified through consultation with 
experts and also through the observations by students when reflecting on what made the survey 
difficult. Student observations were that items 4 and 7 were the most difficult, consistent with 
the numerical results, and that the reason for the difficulty was often due to not understanding 
representations along the lines of not having a threshold level of ability to engage with the 
necessary combination of representations. The questions associated with these items also had 
high discrimination indices along with all other questions, except those associated with item 6. 
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The analysis of 334 student manuscripts allowed for a determination of the reliability of the 
RFS. The results present appropriate difficulty, high discrimination indices and point biserial 
coefficients for most questions giving a quantitative measure of the consistency and 
appropriateness of the survey. The stand out exception was item 6 and the associated questions. 
It is therefore recommended that item 6 be removed from analysis as it does not meet the 
required criteria for a reliable item in the RFS. 
 
While item 6 is not reliable for the RFS, its use may still provide benefit in other areas. Many 
research projects have involved cataloguing and recording student representational use and 
drawing and interpreting graphs is just one example of where this is possible. Observation of 
student manuscripts for item 6 highlighted various interesting trends, including differing 
reactions among students to dealing with outliers in data. Dealing with real data is often unusual 
for new students who are used to the conforming data often presented in high school 
(particularly mathematics) (Bowen & Roth, 2005). Therefore, depending on the objectives, a 
researcher may decide to retain item 6 for alternative analysis. 
 
Another consideration for a researcher or educator is whether the difficulty and discrimination 
suits the intended cohort, as a particular threshold level of ability is necessary to access 
disciplinary discourse for different cohorts. This paper has shown the RFS is optimized for first 
year university students. There is still clear and helpful information for more senior years of 
university physics but care will need to be taken.  
 
The results presented in figure 2.4 reveal that the level of representational fluency across 
different levels of physics learning experience at the University of Sydney does not correlate 
with scores on conceptual surveys. Most notably is the distinct difference in RFS scores 
between the lower and upper two groups. The 1st year Regular students have a similar 
representational ability to the 1st year Fundamental students who have studied two years less of 
high school physics. Furthermore, the 1st year advanced students and 2nd year students have no 
difference in scores. This supports the existence of a critical constellation of representational 
modes required for participation in the discipline (Airey & Linder, 2009) and affirms the 
premise of the RFS.   
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2.9 Further Research 
There are multiple other ways to analyze student answers to the RFS. These include coding for 
which a particular representation is used, and creating novel ways to present trends in 
representational use across various questions and groups of students. Preliminary analysis 
indicates that these further support the notion that the RFS is truly a test of representational 
fluency. In addition to this, the results of the RFS, particularly the way that expert students 
chose to use representations in completing the items, have been used to inform research and 
practice at the University of Sydney, including the creation of online teaching supplements 
designed to target and improve student representational use. In 2013, the authors have used the 
RFS as a set of tests (pre and post) to measure first year student gains in representational 
fluency across a semester of university physics. This highlights the diversity of use of the 
survey in influencing practice and measuring the effectiveness of teaching activities. 
 
The RFS is a survey that measures representational ability in science. It is targeted at a specific 
domain (physics) and a particular demographic (university students). As described earlier, it is 
therefore a measure of a physics student’s representational ability (science representational 
fluency nuanced for physics students). In its current form it would also be of use to researchers 
investigating the representational fluency of students in their final years of secondary education 
before entering university. Modifications to the RFS may allow research to be conducted with 
students even earlier in their education investigating the extent of the development of 
representational fluency of students throughout secondary education. We also suggest that there 
are elements in the survey that may be generalizable to other scientific domains and that the 
survey has the potential to be adapted to suit the needs of research and teaching further afield as 
the requirement of representational fluency is not unique to physics. We do, however, 
recommend that care is taken, and the motivation and processes presented in this paper are 
considered.   
 
2.10 Conclusion 
In this study, we developed a robust survey to measure representational fluency in science for 
university physics students. The design was optimised to combine elements of representational 
fluency in order to compare representational use amongst individuals or groups. The survey has 
been tested with students of various levels of physics learning experience, undergraduates to 
postgraduates. Through pilot studies, and standard statistical analysis of the main 
implementation, the final survey is a valid and reliable measure of scientific representational 
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fluency and can therefore be used by instructors to measure the development of representational 
skills of students at different stages of their time at university, or to evaluate the effectiveness of 
teaching strategies to improve representational fluency. 
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3.1 Abstract 
To succeed within scientific disciplines, using representations, including those based on words, 
graphs, equations and diagrams, is important. Research indicates that the use of discipline 
specific representations (sometimes referred to as expert generated representations), as well as 
multi-representational use, is critical for problem solving and developing understanding. This 
paper consolidates these ideas using the Representational Fluency Survey (RFS) over two years 
with 334 students at the University of Sydney. Analysis shows that there was a significant 
difference between the representational fluency of the 1st year Fundamental and Regular 
students (low level 1st year physics courses) compared to the 1st year Advanced, 2nd year, 3rd 
year and Postgraduate level students. The existence of this distinct gap is further supported by 
evidence from qualitative coding that students with a high level of representational fluency use 
a greater number of representations and more visual and symbolic representations to explain 
their answers. There is no mention of such an overall trend of variation of representational use 
in extant literature, largely because there have been no studies that compare representational 
fluency across closely spaced levels of physics, or science, learning. 
 
3.2 Introduction 
It has regularly been identified that participation in scientific disciplines is based on the 
interplay between conceptual understanding, the use of representations and experiential learning 
(Duschl & Osborne, 2002; McCormick, 1997). To succeed within the discipline, using multiple 
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representations becomes central to problem solving, understanding, and communicating.  
Research on multiple representations range from in-depth investigations of students’ use of 
specific representations to how students can attain a greater competency with a range of 
representations. This paper focuses on the later. We examine representation use, through an 
analysis of  the results of the Representational Fluency Survey (Hill, Sharma, O’Byrne, & 
Airey, 2014), consolidating ideas of metavisualisation (Gilbert, 2004), representational 
competence (Hand & Choi, 2010; Stieff, Hegarty, & Deslongchamps, 2011) and 
metarepresentational competence (diSessa, 2004) which have emerged in the last decade.   
 
3.3 Theoretical Framework: Multiple Representations 
There is extensive literature on the role and use of multiple representations. Multiple 
representations refer to the combination of formats used to generate, process or present 
information (Gilbert, 2004). In the context of the natural sciences, generic examples include 
graph, word, equation and diagram based representations along with specific discipline 
representations, for example Lewis structures in chemistry and free body diagrams in physics. 
Collectively, these form part of the disciplinary community of discourse, defined by a common 
language expressed through shared understandings of representations (Driver, Asoko, Leach, 
Mortimer, & Scott, 1994). As students progress in their studies, instructors and students use 
multiple representations to communicate, develop understandings and demonstrate 
understandings. Appropriate use of multiple representations in instruction can make information 
more memorable (Aldrich & Sheppard, 2000), more easily processed in working memory and 
integrated with prior knowledge in long term memory through overcoming cognitive load 
limitations (Ainsworth, 2006), and portray relationships that are not easily identifiable 
(Goldman, 2003; Roth, Bowen, & McGinn, 1999).  
 
When focussing on student use of multiple representations, especially in the sciences, student 
difficulties are associated with both understanding the representations themselves as well as 
how to reason using representations while learning and during problem solving. This is 
demonstrated through the considerable research in the area of “graphicacy”, or student use of 
graph-based representations, essential for science students (Roth et al., 1999). Focusing on 
physics, the difficulties with graphing become more pronounced as the need to use them 
appropriately becomes more critical (Beichner, 1994; Woolnough, 2000; Wu & Krajcik, 2006). 
Student difficulties are associated with interpretation of the axes, understanding the gradient 
and failing to understand why two different graphs that look the same, but have different 
variables, don’t necessarily represent similar situations (Beichner, 1994). Interestingly, students 
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understandings are sensitive to context, for example, many are unable to answer graphical 
questions which include the same level of mathematics which they have already demonstrated 
proficiency in, in another context (Leinhardt, Zaslavsky, & Stein, 1990). Such inconsistency is 
part of how students negotiate tenuous understandings as they co-construct conceptual 
knowledge in physics (Britton, New, Sharma, & Yardley, 2005). Experience also suggests that 
some students simply lose confidence when a question includes a graph, or requires them to use 
a graph, leading to a higher level of stress and incorrect answers (Engelbrecht, Harding, & 
Potgieter, 2005). There has been a range of investigations into student difficulty with other 
representations key to physics including equation-based (Bieda & Nathan, 2009), diagram-
based (Pollock, Thompson, & Mountcastle, 2007) and word-based representations (Dufresne, 
Gerace, & Leonard, 2004; Jacobs, 1989). 
 
To succeed within a discipline, students do not simply need to be competent with one 
representational format, rather to shift their tenuous and often inconsistent understandings, 
towards those that are more scientifically congruent; which inherently means, choosing and 
using appropriate individual representations and integrating between them when needed. 
Consequently, while continued research into individual representations is immensely valuable, 
the field of multiple representation research has continued into broader descriptions of 
representational use, grouping representations as “modes” and even investigating inter-modal 
and multi-modal use. Three perspectives on integrating representational use are described 
briefly here, followed by a discussion on representational fluency.  
 
Gilbert (2004) suggested that different representations could be grouped into five “modes” 
including concrete, verbal, symbolic, visual and gestural and that visualization describes 
making meaning out of representations. Metavisualization is the metacognitive side of this, 
where students can “acquire, monitor, integrate, and extend, learning from representation” 
(Gilbert, 2008, p5-6).  
 
The second perspective, representational competence utilises Gilbert’s (2004) framework. 
Representational competence focuses on the domain specific constellation of representations. 
Studies in representational competence isolate representation use specific to a domain and then 
investigate scaffolding student attainment of such representational use (Kohl & Finkelstein, 
2005; Kohl & Finkelstein, 2006b). Representational competence begins with using 
representations authentically (Roth & Bowen, 1999) and being able to extract information from 
given representations (Shafrir, 1999) but has been extended to cross-representational use where 
multiple modes of representation in Gilbert’s model (2004) are used in student answers and 
instructional material (Hand & Choi, 2010; Stieff et al., 2011). 
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Metarepresentational competence (MRC), as the name implies, is the metacognitive aspect of 
representational competence where individuals understand the rationale behind representations 
and includes creating new representations and learning or utilizing new representations quickly 
(diSessa, 2004). Important is the why of a particular representation, more technically referred to 
as the representation’s affordance (Fredlund, Airey, & Linder, 2012; Gibson, 1977). The ability 
to choose the most appropriate representation for a given situation is a skill of those with 
metarepresentational competence (Dufresne et al., 2004) 
 
This paper consolidates the above literature by relating to all three different perspectives on 
integrating representational use. What is being measured by the Representational Fluency 
Survey will relate to each of Metavisualisation, representational competence, and 
metarepresentational competence. This means that none of these terms alone is able to fully 
encompass what is being measured and investigated in this paper. 
 
Representational fluency used by Nathan, Stephens, Masarik, Alibali, & Koedinger. (2010) is 
suggested as an integration of these perspectives. Lesh (1999) explained that representational 
fluency facilitates students to be analysing problems and planning multi-step solutions, 
justifying and explaining representational use, assessing progress, and “integrating and 
communicating results in forms that are useful to others” (p 331). Individuals who are 
representationally fluent have a competence in domain specific representations and the 
metacognitive skills to apply their knowledge of representations effectively (Uesaka & Manalo, 
2006). Proficiency at translating between representations, a characteristic of metavisualization, 
is also a defining characteristic of representational fluency (Bieda & Nathan, 2009; Nistal, 
VanDooren, Clarebout, Elen, & Verschaffel, 2009). Representational fluency is a genre of 
thinking important for all science students and despite the dependence on discipline-specific 
representations, the representational thinking component allows for it to be transferable across 
scientific disciplines. Mathematics educators capture representational fluency as 
representational flexibility (Thomas, Wilson, Corballis, Lim, & Yoon, 2010).  Hill et al. 
developed the Representational Fluency Survey (2014) to measure representational fluency. 
The focus is on science multiple representations nuanced for a physics specialization, that is, 
representations for physics and wider science incorporating as a relevant skill for physics 
students, encapsulating the transfer of representational use.   
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3.4 Significance of the study 
Previous research involving representations in science typically uses individual problems, or 
sets of problems focussing on particular facets of reasoning (Kohl & Finkelstein, 2006a; Kohl 
& Finkelstein, 2008; Meltzer, 2005; Woolnough, 2000). For example, an important contribution 
was when Meltzer (2005) varied the representation used to portray a physics question to 
compare how students would respond (similar to Kohl & Finkelstein (2005)).  Many studies are 
predominantly observational data allowing for qualitative description of student behaviour often 
presented through case studies (Fredlund et al., 2012; Rosengrant, Van Heuvelen, & Etkina, 
2006; Sia, Treagust, & Chandrasegaran, 2012; Tytler, Prain, Hubber, & Waldrip, 2013). In 
particular, studies in metarepresentational competence (diSessa, 2004) and metavisualisation 
(Gilbert, 2008), to our knowledge, are largely qualitative in nature. 
 
There have been some large-scale, quantitative measures related to representational use, 
however these focus on a specific subset of representations in a particular context. Two 
examples are the Test of Understanding Graphs in Kinematics (Beichner, 1994), which focuses 
on the one representation, graphs, and difficulties associated with use in the context of 
kinematics, and the Perdue Spatial Visualization of Rotation (Bodner & Guay, 1997) which 
measures spatial ability in introductory chemistry.  
 
The RFS allows for a large-scale, quantitative measure of the broad area of representational 
fluency, rather than one category of representations. Therefore, this is the first study to allow for 
direct comparisons to be made across closely spaced levels of physics learning experience at 
university. The importance of this is two-fold, firstly, that this study has been able to determine 
that there is a significant gap in representational fluency between cohorts of 1st year students 
which may result in many students being unable to continue with physics in later years, and 
secondly, the results have allowed for a more quantitative understanding of what constitutes 
representational fluency to be developed which is significant for instructional design in this 
area.    
 
Both of these areas of significance are investigated through the two research questions of this 
paper.  
 
Research Question 1 – How does representational use as measured by the Representational 
Fluency Survey  vary across different cohorts of university physics students? 
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Research Question 2 –What are the characteristics associated with proficient use of 
representations? 
 
3.5 Purpose of the Study 
To answer these research questions, this paper presents an analysis of the results of the RFS 
administered cross-sectionally over two years to different student cohorts from first year 
students with minimum background in physics to Postgraduate physics students. The first 
section (Part 1: Research Question 1) compares results across the different cohorts to examine 
trends in students’ representational use. The aim is to find whether there are distinguishable 
differences or a gradual development of representational use. 
 
The second section on (Part 2: Research Question 2) uses the framework of representational 
modes (Gilbert, 2004; 2005) to characterise representational use. The way that students 
combine representations and whether particular modes, especially more sophisticated modes, 
are used by particular groups of students will also be investigated.  
 
This paper is presented in two parts. Each part focuses on one of the research questions. The 
methodology that applies across both parts is outlined in the methods section, then within each 
part there are separate sections for analysis methodology, results, and analysis with 
implications. After the two parts there is a general discussion drawing together the two research 
questions. 
 
3.6 Methods 
3.6.1 The instrument 
The Representational Fluency Survey (RFS) (Hill et al., 2014) is a published diagnostic test 
designed to measure the representational fluency of university-level physics students. The 
reliability and validity of the test have been demonstrated in a previous publication (Hill et al., 
2014). Face and content validity were confirmed using student feedback and interviews, and 
regular collaboration with a physics education expert panel. The RFS has seven multiple choice 
items, six of which are recommended for general use have satisfied the criteria for standard 
statistical tests (difficulty index, point biserial coefficient and Cronbach’s alpha).  
 
Of the survey’s seven items, the context of three items is deliberately not physics, and the 
remaining have physics contexts. The disciplinary information needed to answer both the 
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physics and non-physics items is contained within the item. The items have specifically been 
designed and tested such that students who have studied senior high school science subjects and 
mathematics are able to interpret the context.  The difficulty that the student has with each item 
is associated primarily with the representations used. Hence the RFS probes students use of 
representations, and is a representational survey specialising for physics. Respondents are asked 
to choose an answer for each item and “provide brief information which supports the answer 
you have chosen”. Table 3.1 lists the characteristics of each item and the representations used in 
each. Student responses to most items are presented in the figures listed in the final column of 
the table. The full survey is found in Appendix A. 
 
Table 3.1: Characteristics of each item of the RFS emphasising the representations used in each. The last 
column lists where student responses are presented in this paper.  
Item 
Number 
Question description Completed item 
presented in this 
paper 
I Words explain that “acceleration is a measure of how velocity 
changes with time” and asks participants which of five graphs 
shows the greatest change in velocity. Five simple line graphs 
are given. 
Figure 3.1 
II Words describe the motion of a coin tossed into the air. Eight 
options are given (in words) that are to be chosen to describe 
the force on the coin at various points in the motion. 
Figure 3.6 
III Two bar graphs are given displaying the proportions of boron 
and oxygen in the compound boronic oxide by mass and by 
number of atoms in the compound. In words, the question asks 
for the mass of an oxygen atom compared to boron and there 
are four numerical (decimal) answers to chose from. 
Not pictured.  See 
Appendix A 
IV Words introduce students to a “nomogram” and give an 
example of a set of information that is discernible from the 
graph. A nomogram (graph) is presented with two parallel 
scales with a third at an angle between them. Participants are 
asked to find a particular numerical reading using the graph. 
Not pictured. See 
Appendix A 
V Words explain the motion of two competitors in an 
orienteering tournament. There is substantial extraneous 
information not necessary to answer the question. The 
question asks which competitor will reach the checkpoint first.  
Figure 3.4 
VI Words explain different types of plant in a rainforest and 
particular needs. Two graphs give information about rate of 
fern growth and height compared to light intensity for an 
unknown plant. Five descriptions of plants are given for 
participants to choose from. 
Figure 3.5 
 The original survey included seven items however the authors  
recommended against using the original item six. 
 
It is important to note that four items of the RFS do come from the physics discipline. This does 
not invalidate the claim that the RFS measured representational fluency independent of content 
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knowledge. The development and testing of the RFS affirmed that the difficulty that students 
have with each item is associated with the representations used, the theory behind each item is 
learnt at a pre-university level in Australia (Hill et al., 2014).  
 
The first research question probing variation in representational use amongst different cohorts 
of students was approached using an analysis based on a three-tier marking criteria, 
quantitatively comparing student groups.  The second research question needed in-depth 
analysis involving qualitative coding of the rich data.   The two analysis techniques are 
explained separately within the findings and analysis sections for each research question. 
 
3.6.2 Procedure and the sample 
They RFS was deployed with students from first, second and third year of undergraduate 
physics as well as Postgraduate students in Semester 1 of 2011 and 2012 at the University of 
Sydney according to university Human Ethics Committee protocols. Within first year we have 3 
separate cohorts, Fundamental, Regular and Advanced. These cohorts have very different 
experiences prior to university. The 1st year Advanced students scored exceptionally well in 
their senior high school studies, have high physics marks and generally have engaged in a range 
of extracurricular and enrichment programs which are not part of the mandatory school 
curriculum. The 1st year Regular students also did physics in senior high school but did not do 
so well and the 1st year Fundamentals students have done limited or no physics in the final years 
of high school. Each of these groups have a different level of ‘physics learning experience’ 
which includes a combination of class time, personal study and engagement from educational 
professionals. The ‘physics learning experience’ of all the cohorts then progresses from 1st year 
Fundamentals, 1st year Regular, 1st year Advanced, 2nd year, 3rd year to postgraduates. This 
progression is reflected in an increasing trend on performance on conceptual tests, increasing 
linearly with the levels of physics learning experience (Sharma et al., 2010; Tongchai, Sharma, 
Johnston, Arayathanitkul, & Soankwan, 2011). Consequently we use the phrase, ‘levels of 
physics learning experience’ to refer to these six different cohorts of students. A total of 335 
student responses are used in this study. Table 3.2 shows the numbers from each level of 
physics learning experience for 2011 and 2012. There was no overlap in students participating 
in the study across the two years. 
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Table 3.2: The number of student responses from each level of physics learning experience across 2011 
and 2012. 
Level of physics learning experience 2011 2012 Total 
 
1st Year 
Fundamental 30 15 45 
Regular 31 30 61 
Advanced 31 30 61 
2nd Year  32 40 72 
3rd Year  36 33 69 
Postgraduate  15 12 27 
Total  175 160 335 
 
3.7 Part 1: Research Question 1 
3.7.1 Analysis methodology 
To answer the first research question, we developed the specific three-tiered marking scheme 
shown below. The marking scheme captured whether students were obtaining the ‘correct 
answer’, tier I.1, but more importantly whether students use of representations were appropriate, 
tier I.2, and consistent, tier I.3.   The three-tiered scheme (from Hill et al., 2014) is as follows:  
I.1 Selecting the correct answer to the representationally rich multiple choice 
question irrespective of what was provided in support of the answer. (referred 
to as the student’s “answer”). 
I.2 A scientifically congruent explanation (using any representation), relevant to 
the question and leading to the answer. It may not always end up producing the 
answer chosen by the student (referred to as the student’s “explanation”). 
I.3 Consistency between the chosen “answer” and the “explanation” in that the 
explanation leads to the selected multiple choice answer, and can use any 
representation (referred to as a “consistent/inconsistent explanation”). 
In this way, it is possible for students to get a score of zero, one, two, or three for each item. 
 
The following example illustrates the marking scheme using three student responses for item I.  
Figure 3.1 shows responses from Student A who selected the correct multiple choice answer 
“B”, provided a scientifically congruent explanation using equations and was consistent, 
scoring the full 3 marks. Student B did not choose the correct answer (chose “C”) but did offer 
a scientifically congruent explanation, “Area under graph is greatest” that was relevant and 
leading to the correct answer. Student B’s explanation did not align with the answer they 
selected making it inconsistent. Therefore Student B scored one mark for the explanation under 
criteria I.2. Similarly, Student C received only one mark. This student’s answer “D” was 
consistent with the explanation: “As the rate of acceleration is increasing with time, the velocity 
is increasing at an ever increasing rate”. But the answer was incorrect, and the explanation, 
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while a true statement in the context of the question, was not in any way leading to the answer 
and therefore the second-tier mark, I.2, could not be awarded.   
 
 
Figure 3.1: Three student (A-C) responses to item one illustrating representational use and demonstrating 
the use of the three-tier marking system.  
 
The three tiers allow for different elements of representational use to be incorporated. One 
element is attaining the correct answer (tier 1) requiring students to utilise the presented 
information and to commitment to an appropriate answer which can be done by implicit or 
explicit use of representations. Another element, is in providing an explanation (tier 2), students 
need to choose and use representations authentically, meaning making in the process.  This is 
often demonstrated through student shading and markings on visual representations presented in 
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the question or through student sketching. The last element is when students offer a consistent 
explanation (tier 3) with their chosen answer, they are displaying transfer between their chosen 
representation in the explanation to the representation used in the question. 
  
The next stage of the analysis was determining if the distributions for each levels of physics 
learning experience are normal and selecting the appropriate tests for comparing means.  
Kolmogorov-Smirnov tests of normality revealed that the distribution of the survey score was 
not normal for all groups of students. Consequently, the Kruskal-Wallis tests (non-parametric) 
was used to determine whether there is significant differences between any of the means (Field, 
2003). Post-hoc analysis to identify where the difference exists between particular means was 
done using an Games-Howell tests (Toothaker, 1993). Man-Whitney Tests with Bonferroni 
Corrections were completed to ensure the reliability of the Games-Howell tests but the results 
are not presented in the paper as there was no deviation from the Games-Howell results. 
 
The mean RFS score for each level of physics learning experience were compared to investigate 
representational fluency as a whole The results were compared to conceptual surveys completed 
at the same institution with the same levels of physics students from previous years. This was to 
validate that the RFS was measuring representational fluency distinct from content knowledge. 
The mean scores on each tier of the RFS for each level of physics learning experience were also 
compared to investigate whether the trends present with the overall RFS score are mirrored in 
any of the tiers. 
 
3.7.2 Results: Comparing Means 
First we plotted the means for the different levels of physics learning experience. The results are 
presented in figure 3.2b. The striking point to note is that the trend is not linear. This is in 
contrast to the linear trend these groups exhibit when results from conceptual surveys are 
compared in a similar manner, demonstrated in figure 3.2a. These two concept tests, the Force 
Motion Concept Evaluation (Thornton & Sokoloff, 1997), and the Mechanical Waves 
Conceptual Survey (Tongchai et al., 2011) are established tests which have been used at the 
institution in the last decade to measure conceptual knowledge across different groups of 
physics students. Results from these tests being used on these groups have been published 
(Sharma et al., 2010, Tongchai et al., 2011) and can therefore be used to compare with the 
representational fluency of the current cohort of students. While the conceptual ability of the 
levels of physics learning experience at the University of Sydney increases linearly (as depicted 
by the R2 values in figure 3.2: a.), this linearity is not reflected in RFS scores which show the 
student groups forming two bands, with a gap in between. The four highest levels of physics 
learning experience (from 1st year Advanced to Postgraduate students) form the upper band and 
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the lowest two levels of physics learning experience (1st year Fundamentals and Regular) form 
the lower band. 
 
 
Figure 3.2: a. The average student mark from conceptual surveys (linear relationship). b. The average 
student mark for the RFS (non-linear relationship). Error bars, where available, depict 95% Confidence 
Intervals.  
 
The Kruskal-Wallis test reveals a significant difference in the average marks (P<0.001) which 
is consistent with two clusters as revealed by the post-hoc analysis. The 1st year Fundamental 
and Regular students typically scored less than 11 out of 18. There was no statistically 
significant difference between the average mark of these two groups (P=.311). The higher band, 
consisting of 1st year Advanced, 2nd yr, 3rd yr and Postgraduate students, have averages 
ranging from 13.2 to 14.4. Similar to the lower band, the differences in the means of these four 
groups is not statistically significant. This relationship is illustrated in figure 3.2 through the 
emphasis of the two bands which take into account the 95% confidence intervals but show the 
clear difference between the two sets of groups. Games-Howell tests reveal that when 
comparing any group in the lower band with any group in the upper band there is a significant 
difference in the mean scores. 
 
3.7.3 Results: Comparing means across each tier of the RFS 
The two bands are not only evident when looking at the marks on the whole RFS but also when 
more detailed data exploration is undertaken. One example is that the bands are evident when 
student scores for each marking tier are investigated. Figure 3.3 presents the mean marks for 
each marking tier for the different levels of physics learning experience revealing again the 
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distinctive lower band (1st year Fundamental and Regular) and higher band (1st year Advanced, 
2nd year, 3rd year and Postgraduate) with the gap in between. 
 
 
Figure 3.3: Average RFS marks divided into the three tiers of representational fluency. Each graph shows 
the same band structure as the average overall marks. Error bars represent 95% confidence intervals. 
 
Each tier represents a different element of representational fluency. Tier 1 is whether the chosen 
multiple choice answer, to the representationally rich question, is correct.  Tier 2 represents 
whether any correct and related information using any representation is used. Finally tier 3 is 
whether an answer is consistent with the information presented in the students chosen 
representation/representations. Each tier clearly depicts two separate bands. Statistical analysis 
is consistent with the visual assumptions as every time, the average scores of those in the lower 
band are not significantly different from each other, but are from each of those in the higher 
band. Again, none of those in the higher band are significantly different from each other. The 
tier with the smallest separation is tier 3, the element based on the consistency between student 
representations and their answer chosen. This is also the tier with the highest average scores so 
the ceiling effect results in most of the average scores being closer to each other. Therefore the 
bands and gap in representational use applies not only to the elements combined but also to the 
different elements of representational use. 
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3.7.4 Implications 
Our findings indicate that there is a gap in representational use between the 1st year Regular and 
Advanced learning experience levels. This is somewhat surprising given that these two groups 
of students are in 1st year of university studies, and they would have experienced the same 
formal educational high school physics curriculum.  Rather than having the same 
representational fluency as the 1st year Advanced students, the results show that on average the 
level of representational fluency of the 1st year Regular students is no different from that of the 
1st year Fundamental students, who had not studied physics in their final years of high school. It 
also appears that, the 1st year Advanced students, the 2nd year students, and 3rd year students 
may have the representational fluency which are present in the highest level (Postgraduate) 
students as measured by the RFS. These are novel findings which are, to our knowledge, to date 
not present in the literature. 
 
The results provide evidence against the claim that correctly answering some items was due to 
learning about the content in previous instruction. Prior instruction results in the linear trend 
with conceptual tests (see figure 3.2a) with Fundamental students scoring lower than the 
Regular students who in turn score lower than the Advanced cohort.  With the RFS, the Regular 
students are on par with the Fundamental students indicating something beyond conceptual 
understandings and content knowledge is being measured.    
 
3.7.5 Using the RFS to identity a threshold of representational fluency 
The results presented so far reveal a gap in representational fluency, possibly a threshold above 
which students could be described as “representationally competent”. The average student from 
any of the four higher levels of physics learning experience are above the threshold, indicating  
high representational fluency (HRF), while those in the lower band are below the threshold 
indicating low representational fluency (LRF).  Very few are in the gap not bound by the 95% 
confidence intervals presented in figure 3.2.   
 
The threshold will need to be in the gap, and for the purposes of answering the second research 
question we need to choose a value for the threshold.  This way of choosing is by no means 
definitive, but provides a value to work with.   
 
The lower bound of the 95% CI for the lowest scoring HRF group was for the third year 
students with a lower bound of 12.4, and therefore we have set a boundary minimum for 
representation fluency as 13. Students who score 13 out of 18 or higher in the RFS can be 
regarded as displaying high representational fluency.  The upper bound of the 95% CI for the 
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highest scoring group in the LRF group is 11.2, so the boundary maximum mark to be regarded 
as having low representational fluency is therefore 11.  
 
It is important to note that not all students from particular levels of physics learning experience 
matched the average trend for that cohort of students. For example, while the average mark for 
the 1st year Regular students was clearly in the category of LRF and the 95% confidence 
interval was below the gap, there were 17 students who displayed HRF with their RFS mark. 
Similarly, 8 of the 1st year Advanced students attained a mark of less than 12 demonstrating 
LRF despite the cohort average of over 14. This is unsurprising as the entry criteria for these 
cohorts are not strictly enforced, there is student choice. There are students studying Regular 
physics for example who have the academic achievement to undertake Advanced physics and 
some students in the Advanced cohort who were awarded a place in the course due to their 
overall high school results which may include many non-science subjects. 
 
Thus having investigated the first research question by comparing levels of physics learning 
experience, we have also obtained a threshold mark of 12 out of 18 (66%) on the RFS to help us 
investigate the second research question.   
 
3.8 Part 2: Research Question 2 
The second research question involves examining the characteristics associated with proficient 
use of representations.  The characteristics can be probed by counting the representations to 
analysing based on representational modes (Gilbert, 2004; 2005). Three findings arise from 
investigating these characteristics of students with high representational fluency: 
7. They use significantly more representations; 
8. They use a greater variety of representations, which are more scientifically congruent; 
and 
9. They use more representations that are visual and symbolic in nature. 
 
3.8.1 Analysis Methodology 
Student explanations provided an avenue for a richer, qualitative analysis. Initial close scrutiny 
of the types and variations of representations used revealed that most were based on graphs, 
words, equations and diagrams (similar to Meltzer (2005) and Kohl & Finkelstein, (2005)). 
Consequently, a coding scheme based on these representations was developed.  The coding 
scheme was validated by three researchers with experience in science education varying from 
four to 25 years. The intercoder reliability was calculated using Fleiss’ Kappa. The value of 
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Fleiss’ Kappa varied had an average of 0.83 and varied from 0.76 to 0.89 or “substantial” to 
“almost perfect”. Any disagreement between the markers has been investigated and exemplars 
prepared to maintain consistency of coding. Table 3.3 shows the final coding scheme. The full 
sample of student responses was then coded. Figure 3.4 then provides an example using item V. 
 
Table 3.3: Final coding scheme for representational use on the RFS.  
Representation 
Code 
Description Responses using this 
representation include: 
Responses which do not 
satisfy this code: 
Graph-based 
(Symbolic & 
Visual) 
Graphs require 
content that 
relates multiple 
axis. Graphs are 
both visual and 
symbolic in 
nature. 
Drawing a graph 
Drawing lines on a graph to 
illuminate meaning 
Marking, circling or shading 
particular areas on a given graph 
 
Referring to the graph 
using words: “This can 
be seen in the right 
graph” 
Word-based 
(Verbal) 
Words provide 
meaning either 
through 
explanation or to 
present statements 
of information.   
Phrases that contribute to student 
reasoning including: 
Working out the answer: e.g. “It 
seems that the right graph is double 
the left graph and therefore the 
higher answer will be correct” 
Phrases explaining working: e.g. “I 
did this because...” 
Phrases explaining the steps: e.g. 
“Next I solved this by...” 
Single word answers: e.g. 
“Gravity” 
Comments to the marker: 
e.g. “I don’t know how to 
solve this problem” 
 
 
Equation-
based 
(Symbolic) 
Equations are 
most commonly 
used as working 
however may also 
be to present 
statements of 
information.  
Responses with an equals sign (=) 
and numerals or pro-numerals on 
each side.  
When mathematical operators are 
used in calculation steps 
Covers both algebraic and arithmetic 
equations 
Writing numbers on the 
page distinct from 
mathematical working 
Using a mathematical 
operator as an index of 
measurement: e.g. 
“Intensity =  6x10Lux” 
Diagram-
based 
(Visual) 
Diagrams provide 
situational context 
and allow students 
to visualize the 
scenario.  
Drawing a picture of the scenario 
Drawing a free-body or flow 
diagram 
Drawing a 1D line diagram (similar 
to a graph with only one axis). 
Unrelated pictures or 
marks on the page 
Circling or underlining 
information presented in 
the question. 
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Figure 3.4: Four responses to item V demonstrating coding of explanations as word, graph, diagram and 
equation based representations (To be read with table 3.3). 
 
Once the student responses were coded according to the representations present, a number of 
tests were run comparing averages for HRF and LRF students. These include comparing the 
number of representations used, the variety of representations used, and most favoured modes 
of representations from each group. 
 
3.8.2 Results: They use significantly more representations 
For each item, the number of representations used by each student was counted. There were no 
instances where a student used all four representations for an individual item. Table 3.4 lists the 
number of representations used by LRF and HRF students for each item.  
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Table 3.4: The distribution of responses using various numbers of representations for each item. 
Item # of Reps Number of LRF 
students (n=86) 
Number of HRF 
students (n=74) 
Averages 
I 0 12 1 LRF = 1.10  
HRF = 1.43  1 57 35 
2 13 17 
3 4 4 
II 0 6 3 LRF = 1.40  
HRF = 1.30 1 50 37 
2 20 16 
3 10 2 
III 0 12 4 LRF = 1.05 
HRF = 1.24 1 58 37 
2 16 17 
3 0 0 
IV 0 27 2 LRF = 1.06  
HRF = 1.79 1 27 10 
2 32 45 
3 0 1 
V 0 7 1 LRF = 1.37  
HRF = 1.59 1 45 28 
2 29 21 
3 5 7 
VI 0 33 13 LRF = 0.80  
HRF = 1.47 1 38 18 
2 14 20 
3 1 9 
 
For example, in answering item I, 12 LRF students gave no explanation or gave an explanation 
which was not able to be coded as one of the four chosen representations. 57 students used one 
representation, 13 used two and four students used three representations. This means that on 
average LRF students used 1.10 representations in explaining their answer to item I. In a similar 
manner we obtain an average for HRF students of 1.43 representations. Figure 3.5 shows one of 
the nine HRF respondents who used three different categories of representations (word, graph 
and equation based) to construct meaning for item VI. 
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Figure 3.5: A HRF item VI response demonstrating three different categories of representation (word, 
graph and equation based). 
 
From table 3.4, in five out of six cases the HRF students are using more representations (as a 
percentage) than LRF students. The exception is Item 2 where on average LRF students used 
1.4 representations compared to the average of 1.30 representations used by HRF students. 
Distinct from each of the other items, for this particular item, using more than one 
representation was not necessarily correlated with students choosing the correct answer (“A”). 
Figure 3.6 shows a response from “Student A” who constructs an inaccurate free body diagram 
where the upward velocity is drawn as a force. This is incongruous with the verbal 
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representation (that the coin is slowing down) which would imply that the force would be down 
rather than up.  
 
 
Figure 3.6: Two responses to Point 1 of item II.  
 
If we total the number of times representations are used across the whole survey, we find that 
HRF students typically used more representations than LRF students, see figure 3.7. 
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Figure 3.7: Histogram of the number of students using 1-13 representations across the RFS 
 
3.8.3 Results: They use greater variety of representations, which are more scientifically 
congruent 
To answer the next two sub-questions, a novel way of interpreting and presenting data is 
explored - a representation quadrant. It combines the four common representations used in 
problem solving in science aligning with modes described by Gilbert (2005). The written modes 
are visual, symbolic and verbal (or word-based). The coding in this paper aligns with the three 
written modes through graph and equation-based representations being of the symbolic mode, 
graph and diagram-based representations being of the visual mode and clearly word-based 
representations are categorised as verbal. 
 
The utility of the representation quadrant is that it allows a mechanism for comparing individual 
student or groups of students with regards to their explanations of individual questions or 
groups of questions. It is a form of a radar plot where a outer quadrilateral is drawn to represent 
the frequency of representations used. For example, figure 3.8 shows a representation quadrant 
for one HRF student who used word-based representations for five of the six possible times 
(83%), equation-based representations two of the four possible times, graphs for all four 
possible times and diagrams one of the three possible times. The representation quadrant 
illustrates the representations used regardless of whether the responses are correct or not. 
 
A second inner quadrilateral (the lighter shade in figure 3.8) only includes the representations 
that were used in a scientifically congruent manner (tier 2 of the three-tier marking scheme) For 
this particular student, every time they used equation and diagram based representations they 
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used them congruently and this was not the case for graph and word based representations 
where they were not congruent.  
 
 
Figure 3.8: Representation Quadrant for one particular HRF student revealing that word and graph based 
representations were used most prolifically.  
 
The representational quadrant can also be used for groups of students. Figure 3.9 compares 
representational use for LRF and HRF students. It reveals that HRF students use a greater 
number (shown by the larger area encompassed by the outer quadrilateral) and greater variety 
(as the corners of the outer quadrilateral are further from the centre marked by the cross hair). 
Another very clear difference between LRF and HRF students is the degree to which they use 
representations coherently (as the corners of the inner and outer quadrilaterals are closer 
together).  
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Figure 3.9: Representation quadrants for LRF and HRF students on average.  
 
3.8.4 Results: They use more representations that are visual and symbolic          
So far we have shown that HRF students use more representations and they do so in a manner 
that is more scientifically congruent.  But do they choose or prefer to use particular 
representations more often. Figure 3.10 compares the average percentage of the word, graph, 
equation or diagram-based representations used by LRF and HRF students. In the case of 
words, graph and equation-based representations, there is a significant difference between the 
average use of LRF and HRF students (P<0.001, P<0.001, and P=0.006 respectively). There 
was no significant difference in diagram use (P=0.355), and the trend is reversed.  The effect 
size is largest for the use of graph-based representations. On average HRF students use almost 
twice as many graph-based representations than LRF students (Effect Size, Cohen’s d=0.91). 
This is compared to the smaller effect sizes of word-based (Cohen’s d=0.63) and equation-
based (0.45) representations. 
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Figure 3.10: The average representation use of LRF and HRF responses (Error bars are 95% Confidence 
Intervals) 
 
Considering the use of diagram-based representations, the item that most often elicited a 
diagram-based response from students was item 2, example shown in figure 3.6. For this 
particular question, diagrams allowed students to visualise the situation, rather than prompt the 
utilisation of a particularly sophisticated diagram-based representation such as a free-body 
diagram which assisted in solving the question. It is likely that HRF students generally did not 
use more diagram-based representations in this manner while LRF students did.  Whether this 
applies more generally needs further research with questions that may require diagrams to reach 
a solution. 
The greatest difference is seen in the use of graph-based representations, which is a 
representational mode that is both visual and symbolic. This is consistent with Gilbert’s (2005) 
conclusions that novices use more verbal representations and find it harder to branch out into 
visual and symbolic representations.  
 
To capture our findings, we use the representational quadrant, figure 3.11 which is an adaption 
of figure 3.9. The area of the representation quadrilateral which is in the symbolic/visual sectors 
of the quadrant is highlighted. This itself is a graph-based/visual representation depicting how 
HRF students may be using symbolic and visual representations more often, and more 
scientifically congruently than LRF students. 
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Figure 3.11: Representational quadrants for the average representational use of LRF and HRF students 
highlighting the greater use of visual and symbolic representations by HRF students. 
 
3.8.5 Implications 
Our analysis of the RFS shows that HRF students when compared to LRF students: 
• Use more representations per question and for the whole survey,  
• Use a greater variety of representations and more congruently, and 
• Use more symbolic and more visual representations. 
 
While there is research on the importance of representations both individual and multiple for 
learning science and physics, (Aldrich & Sheppard, 2000; Fredlund et al. 2012; Roth & Bowen, 
2003) and conceptual advancements (frameworks) in understanding multiple reputational use 
(diSessa, 2004; Gilbert, 2008), studies on how these manifest themselves with large sample 
sizes are rare.  This paper demonstrates that the frameworks can be utilised to obtain systematic 
evidence on how multiple representations manifest themselves.  An implication of our study is 
to continue such large-scale studies. 
 
The finding that integrated use of multiple modes indicates stronger physics knowledge is not 
new. This point was implied by Lemke (1998), and taken up by various researchers (diSessa, 
2004; May, Hammer, & Roy, 2006; Tytler et al., 2013). However each of these have 
qualitatively investigated smaller groups of primary and high school level students whereas this 
paper describes a study with a large sample size of tertiary students to illustrate that the issue of 
representational fluency manifests in particular ways at the university level. As a result, our 
study confirms the criticality of considering and incorporating multiple representations into the 
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development of instructional methods, in particular to focus on improving representational 
fluency at a university level. Instruction should both implicitly and explicitly promote students 
representational use in an integrated way and scaffold towards the often avoided symbolic and 
visual modes. The lesser use of variety and particularly visual and symbolic representations by 
LRF students is telling. It may appear, as has been suggested in literature (Dufresne, 2004; 
Gilbert, 2004), that LRF students feel uncomfortable using representations that are highly 
symbolic or visual and therefore prefer to use the verbal mode even if the problem is not best 
solved in this way. Therefore, engaging students with more visual and symbolic representations 
more often during instruction, complementing words presented both verbally and in written 
form, may increase their willingness to use such representations scaffolding a greater 
representational fluency. 
 
Using multiple representations in particular requires students to be able to combine 
representations meaningfully. To do this, students need to translate between representations 
therefore teaching strategies designed to facilitate this are consistent with our findings. 
 
3.9 General Discussion 
3.9.1 Variation of Representational Fluency 
The results of this paper provide key insights into the use of representations by physics students 
at university. By analysing the results of the RFS we show a gap in proficiency of 
representational use. This gap, and clear separation between those who have high 
representational fluency and those who have low representational fluency is consistent with the 
notion of there existing a set modes (including representations) that students must be 
sufficiently fluent with to participate in a disciplinary discourse (Airey & Linder, 2009). The 
data revealed an unusual point of difference between the cohorts at the University of Sydney. 
First year Advanced students used representations authentically (Bowen, Roth, & McGuinn, 
1999) as second year, third year and Postgraduate (expert) students do, however the first year 
Regular students did not score significantly different to the first year Fundamental students 
(novices) who had not studied physics in their final years before university. 
 
This suggests that what the RFS is measuring is distinct from conceptual knowledge (Hill et al., 
2014) and rather a measure of inter-representational use, or representational fluency. 
Importantly, as representational fluency is not continuously increasing with levels of physics 
learning experience it emphasises the significance of developing representational fluency 
among students with no physics background or limited prior success in physics. For first-year 
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physics students who did not excel at high school physics, they will need to develop 
representational fluency in order to continue to learn at university and participate in the 
disciplinary discourse (Driver et al., 1994). 
 
A more particular implication for instruction is that should students continue to avoid, or have 
trouble with symbolic or visual representations on paper, discerning information in these forms 
will remain difficult. This has the potential of being a limitation on learning in any class format 
and a barrier to continued study in the discipline. Promoting representational fluency amongst 
students who have not excelled in physics prior to university may result in increased retention 
rates across science-based degree programs as more students have the both the tool-box and 
way of thinking to participate in this disciplinary context. 
 
3.9.2 Characteristics of Representational Fluency 
Gilbert defined three written modes of representation; verbal, symbolic and visual (2004). By 
analysing first year student responses by coding them into representational categories, we have 
been able to link representational fluency to various facets of multi-representational use. 
 
The importance of combining multiple modes 
Representationally fluent students used significantly more representations per question than 
those with low representational fluency. Such students are not reliant on only one mode to make 
meaning, rather they demonstrate the metacognitive skill of recognising the particular suitability 
of a range of representations to convey different information for varied purposes. This means 
that they can not only choose the most appropriate representation for a given situation 
(Dufresne, 2004), but will combine representations in order to best present their response. This 
practice of combining multiple modes relies on the ability to translate between representations, 
an essential element of representational fluency (Bieda & Nathan, 2009; Nistal et al., 2009). 
 
Therefore, representationally fluent students utilise multiple modes of representations in order 
to make meaning, solve problems and communicate within a scientific discipline. 
 
Gaining proficiency in symbolic and visual modes 
Over the whole survey, the students who had low representational fluency had a high 
dependency on word-based representations. This verbal mode of representations is the written 
mode most in common with other communities of discourse such as historical or literary 
studies. In contrast, the visual and symbolic modes are more prevalent in mathematical and 
scientific disciplines than other contexts. The “authentic” level of representational use (that 
used by experts) on the RFS involved a high level of symbolic and visual modes, graph-based 
Eurasia Journal of Mathematics, Science & Technology Education, 11(6), 2015 
68 
 
representations being an example of both modes. In addition to students over-dependence on the 
verbal mode, qualitative analysis of the RFS supports prior research that physics students do 
have a preference for the symbolic mode over the visual mode (Meltzer, 2005). This was 
evident for item III as well as other items on the survey. 
 
Scientific representational fluency therefore involves a proficiency in symbolic and visual 
modes, in addition to the more universal verbal mode. 
 
The requirement of representational fluency for learning physics 
Finally, analysing the responses that students gave through the perspective of representational 
fluency reveals not only their approach to problem solving but the method by which they 
integrate new information with prior knowledge (that is, the method by which they learn). Their 
responses give an indication to the way they use representations to make sense of the world 
around them. As each representation has different affordances (Gibson, 1977), individuals who 
can use a wide variety of representations will be more likely to be adept at making meaning 
from any scientific perspective, not just the particular lens that physicists use to view the world.  
 
The development of scientific representational fluency is essential for successful physics 
students. 
 
3.10 Conclusion 
Representational fluency has been defined through analysing university physics student 
responses to the RFS. Representational fluency includes authentically making meaning using 
combinations of modes of representations including verbal (word-based), visual (diagram and 
graph based) and symbolic (equation and graph based) representations. The cross-sectional 
analysis of representational fluency at the University of Sydney revealed that students who were 
exceptional at high school physics are more likely to exhibit a high representational fluency 
than other students who had studied the same levels of physics pre-university. This presents a 
particular challenge to first year physics instruction at tertiary institutions to ensure that students 
can develop representational fluency in order to participate in the disciplinary discourse. 
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Chapter 4: 
Research-based worksheets on using multiple 
representations in science classrooms 
Hill, M. & Sharma, M. D. 
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4.1 Abstract 
The ability to represent the world like a scientist is difficult to teach; it is more than simply 
knowing the representations (e.g., graphs, words, equations and diagrams). For meaningful 
science learning to take place, consideration needs to be given to explicitly integrating 
representations into instructional methods, linked to the content, and supported by explanations 
as to why the representations play an important role. Unfortunately, developing instructional 
materials for representations is not trivial. While there is substantive research on student 
understanding and use of representations, this effort is not reflected in the design of 
representations-based instructional methods. The purpose of this research is to create research-
based worksheets which aid student learning of representations, demonstrate their impact on 
student practices and extract a framework for developing further worksheets. The method draws 
on work on teaching science concepts to iteratively develop simple, interactive worksheets that 
can be used in a school setting with immediate results. We present worksheets that support Year 
12 physics students engaging with (1) free-body diagrams and (2) equations of energy. Pre- and 
post- responses are compared, and reflection questions and focus group data are analysed. A 
framework that can be used to teach a wide variety of representations from various science 
disciplines is proposed. Throughout this process we endeavoured to research how instructional 
design can be done effectively.  
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4.2 Introduction 
Duit (2007) describes three significant issues related to science instructional design. 
 
First, development needs to be fundamentally research-based and needs serious 
evaluation employing empirical research methods. 
 
Second, development should be viewed also as an opportunity for research studies to 
be included. 
 
Third, improving practice is likely only if development and research are closely 
linked. (Duit, 2007, p. 9) 
 
Our research endeavours to demonstrate consideration of each of these issues in the design of a 
framework and worksheets to teach science representations to high school students. While the 
immediate context is Year 12 physics, the study has broader implications in that the framework 
can be used to generate worksheets for representation-rich topics in the different science 
subjects in high school. 
 
4.3 Literature: Development needs to be fundamentally research 
based 
A literature search was conducted on various aspects of multiple representation and 
instructional methods for improving student learning of multiple representations. These are 
presented below. 
 
4.3.1 Using Multiple Representations in Science 
Scientists represent the world through a combination of verbal, visual and symbolic 
representations among others (Gilbert, 2004). Etkina et al. (2006) describe this as the first of 
seven abilities that science students must possess. From an early age children are taught how 
words, pictures and numbers can represent things around them. As their science learning 
experience increases the sophistication of the representations also increases. Words become 
explanations, pictures are now graphs and diagrams, and numbers are superseded by algebra 
and equations. The ability to use various types of scientific representations coherently, 
efficiently, and effectively is referred to as representational fluency (Bieda & Nathan, 2009; 
Hill, Sharma, O'Byrne & Airey, 2014; Nathan, Stephens, Masarik, Alibali, & Koedinger, 2002). 
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Helping students experience multiple representations is important in science as not only does 
knowing multiple representations improve learning, but representational fluency is essential for 
problem-solving and communication as a scientist. However, “before students can benefit from 
using a representation, they need to learn the conventions that regulate the way the 
representation is used, how it relates to reality and how it relates to other representations” 
(Nistal, Van Dooren, Clarebout, Elen, & Verschaffel, 2009, p. 628). Various instructional 
methods could be used for realising the above. We decided to focus on worksheets as they are 
commonplace and provide the opportunity for distilling an overall framework. 
 
4.3.2 Instructional Methods: Experiencing Multiple Representations through Worksheets 
From our review of the literature, we discovered four helpful studies that captured research 
findings, provided strategies for instructional methods, and had real data supporting their work. 
Furthermore, the strategies could be purposefully integrated into worksheets, bridging the gap 
between research and classroom practice in a meaningful way. Key ideas from the four studies 
for representations-based worksheet design are as follows. 
1. Experiencing conceptually based scientific material in a module (similar to a 
worksheet) before a class improves learning during the lecture or class. Seery and 
Donnelly (2012) demonstrated this with university chemistry students. 
2. Representations-based teaching worksheets are effective at university when there is a 
set structure which includes explaining the purpose of the modules to students (Jackson 
& Johnson, 2013). 
3. A strongly directed approach to teaching representations has a greater effect on student 
learning. A strongly directed approach involves explicitly directing students how and 
when to use a particular representation. (Kohl, Rosengrant, & Finkelstein, 2007). 
4. One way of learning the affordances (or helpfulness) of representations for a particular 
situation is to give students the same problem to be solved multiple times with different 
representations (Dufresne, Gerace, & Leonard, 2004). 
 
These key ideas were used to create 15-minute worksheets designed to allow students to 
experience material prior to class discussion (cf. Seery & Donnelly, 2012). The worksheets used 
a set structure adapted from Jackson and Johnson (2013) and utilised validated approaches to 
teaching representations (Dufresne et al., 2004; Kohl, et al., 2007). 
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4.4 Research Design: Development needs serious evaluation 
employing empirical research methods 
This section describes the development process, data gathered through two trials and how 
evidence was used to refine the worksheets. 
 
4.4.1 Purpose of the Study 
1. To create research-based worksheets in two topics to aid teaching of multiple 
representations. 
2. To empirically demonstrate that the representations-based worksheets can impact 
student practices. 
3. To provide a framework for developing representations-based instruction in other topics 
and disciplines. 
 
4.4.2 The Worksheets 
Since Seery and Donnelly (2012) had based their work on conceptual material (chemistry 
content knowledge rather than representations), we decided to create two sets of worksheets. 
One was on physics concepts which we call the ‘concepts worksheets’ and the other on multiple 
representations which are the ‘representations worksheets’. For the concepts worksheets, we 
drew on the vast array of literature on alternative conceptions, conceptual understandings and, 
in line with recent efforts, using multimedia (Chen, Stelzer and Gladding, 2010). Both sets of 
worksheets were created on the topics of forces and energy. Therefore, a total of four 
worksheets were created (see table 4.1). Appendix B has links to all four final worksheets. 
 
Table 4.1: The four worksheets. Two on the topic of forces, two on the topic of energy. 
Topic Representations Worksheets Concepts Worksheets 
Forces Free-body diagrams Tension and friction 
Energy Equations of energy Kinetic and potential energy 
 
Each pair of worksheets was on the same topic for two reasons. Firstly, the content was to be 
parallel as both were to be helpful in preparation for a lesson on the topic (forces or energy). 
The content was equivalent, but very different in that representations worksheets would address 
student learning difficulties with regards to representations while concepts worksheets would 
focus on supporting students to further understand physics concepts (such as understanding 
different forms of energy). Secondly, this allowed for a common question to be embedded 
across both worksheets to compare student learning from each worksheet. 
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Each worksheet had three parts; information where the representations or concepts were 
explicitly introduced, questions where ideas were to be internalised through application in two 
questions specific to the information in each worksheet and one common question that was 
appropriate to the information from both worksheets, and reflection which included two 
questions designed to promote students’ metacognition and self-evaluation. The template in 
figure 4.1 shows the structure, the commonalities, and differences between the representations 
and concepts worksheets. 
 
 
Figure 4.1: Template for a 15-minute worksheet introducing students to scientific representations or 
concepts prior to further instruction. Can be used for various scientific disciplines. 
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Part 1: Information 
What to master: 
A list of up to 3 skills 
Why you need to know this: 
Explaining how the skills can 
be helpful in physics 
 
How to master the skills: 
Strongly directed/explicit 
instruction on how to use the 
representation 
 
Part 2: Questions 
Question 1R:  
Question requiring 
representational 
use/thinking 
 
Question 2R:  
Question requiring 
representational use/thinking 
 
Question 3:  
(Common Question) 
Question appropriate to 
information from both 
worksheets 
 
Part 3: Reflection 
How well do you think you know when 
and how to use Representation? (Likert) 
Allows students and teachers to identify 
whether further work needs to be done in 
this area 
 
How helpful was this information for your 
study of physics this year? (Likert) 
Helps students connect the instruction to the wider 
course as a whole 
C
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ce
pt
s W
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Part 1: Information 
Key terms to know by the 
end of the session: 
A list of up to 5 linked 
physics concepts 
 
Why you need to know these 
concepts: 
Explaining how the concepts 
are important to physics 
 
What you need to know: 
Clear concise definitions, 
explanations and applications of 
the concepts 
Part 2: Questions 
Question 1C:  
Question requiring 
conceptual 
knowledge/thinking  
 
 
Question 2C:  
Question requiring conceptual 
knowledge/thinking  
 
 
Question 3:  
(Common Question) 
Question appropriate to 
information from both 
worksheets 
 
Part 3: Reflection 
How well do you think you know the 
concept of Concept? (Likert) 
Allows students and teachers to identify 
whether further work needs to be done in 
this area 
 
How helpful was this information for your 
study of physics this year? (Likert) 
Helps students connect the instruction to the wider 
course as a whole 
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4.4.3 Determining effectiveness of the worksheets 
A critical question in instructional design is how to determine its effectiveness. Here we 
capitalised on another opportunity for research (the second of Duit’s (2007) significant issues in 
educational design). We had the students complete the common questions twice, once before 
doing the worksheets and then as part of the worksheets. This meant that we could ascertain 
whether completing the worksheet produced change in the student responses. Hence the 
common questions were a ‘measurement’ tool, as were the reflection questions. We also held a 
focus group discussion after the worksheets. Consequently, we had three sets of data to be 
analysed. 
1. Common questions (including comparing answers pre- and post- worksheet instruction, 
and comparing answers of representations students with concepts students) 
2. Reflection questions 
3. Focus group discussion 
 
4.5 Implementation 
In the spirit of Duit’s third issue (Duit, 2007), we closely linked development and research. 
Hence two trials were undertaken to develop and assess the worksheets. Each trial followed the 
structure of table 4.2. 
 
Table 4.2: The structure of the research experiment. 
Duration Representations Students Concepts Students 
10 Minutes Common questions 1 and 2 
15 Minutes 
(Forces) 
Worksheet 1: Free body diagrams 
(contains common question 1) 
Worksheet 1: Understanding tension and 
friction (contains common question 1) 
15 Minutes 
(Energy) 
Worksheet 2: Equations of energy 
(contains common question 2) 
Worksheet 2: Kinetic and potential energy 
(contains common question 2) 
10 Minutes Focus group discussion 
 
Data were analysed after the first trial with a group of students. Changes were made to the 
worksheets or questions and the second trial was conducted with a new group of students. 
Therefore the worksheets were iteratively developed and critically analysed in order to produce 
a set of research-based instructional materials with demonstrated effectiveness. 
 
4.5.1 The Sample 
Each trial was conducted at different schools, with different groups of Year 12 physics students 
(in their final year of high school instruction). Both schools are classified as independent, non-
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selective, K–12 schools in the Sydney region. A total of 32 students from School A completed 
either the representations or the concepts worksheets. This formed the first trial in the 
development. School B involved fewer students as some students associated with the class were 
completing the course by distance. Responses from 13 students from School B were collected. 
 
4.6 Results: Common questions 
In this section we present the results and discuss how evidence from Trial 1 was used to 
improve the worksheets for Trial 2. Results of Trial 1 indicated limited benefit of the 
worksheets, but Trial 2 revealed that the modified worksheets were beneficial for student 
learning. This clearly affirms Duit’s reminder that experimentation and evaluation is crucial to 
the development process. 
 
4.6.1 Worksheet 1: Forces 
Figure 4.2 shows the common question from the forces worksheets. The question was seeking 
four main forces: weight, friction, a pulling force from the rope (tension) and a 
normal/restorative force from the ground on the box. Both sheets were designed, in different 
ways, to help the students to identify these forces. We expected students who had completed the 
concepts worksheet to more readily identify tension and friction by name, and the students who 
had completed the representations worksheet to be more likely to identify the often forgotten 
normal force. 
 
 
Figure 4.2: The common question from the worksheets on forces. 
 
To illustrate changes in student responses before and after completing the worksheet we 
calculated gains. The gain is the increase in the percentage of students identifying a particular 
force after completing the worksheet, divided by the percentage of students who did not identify 
the force before instruction. For example, 21% of the concepts students had identified tension 
by name pre-instruction and 79% had not. After instruction, those 79% of students had all also 
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identified tension, giving a gain of 100%. In figure 4.3 the size of the arrow shows the gain with 
arrows pointing to the right indicating positive gain, or more students identifying the force. 
 
Figure 4.3: The gain in students identifying forces for common question 1. When there is a 100% gain, 
all students who did not identify the force pre-instruction identified it post-instruction. No arrow indicates 
no change. 
 
From figure 4.3, we note that with all concepts students identified the pulling force as “tension” 
post-instruction; the gain is 100%. This occurred in two categories for the concepts worksheets, 
but there was no gain in the other categories. For the representations students, two categories 
registered small positive gains (including the elusive normal force). However, there were two 
which had negative gains as fewer students identified the force post-instruction.  
 
In summary, these results indicate that the concepts worksheet is effective at scaffolding student 
learning. However, there is limited indication of the benefit of the representations worksheet. 
This was therefore the worksheet that needed to be developed prior to the second trial. 
 
Specific changes to the representations worksheet on free-body diagrams were made. The 
Information and Questions sections were made more strongly directed (Kohl, et al., 2007). 
Explicitly, instead of pointing to features of a free-body diagram and giving examples, a four 
step process of how to draw a free-body diagram was provided, followed by one example with a 
90 word explanation of the image. 
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The new worksheets were used in Trial 2 with the same common question and analysis. See 
figure 4.4 for gains. 
 
 
Figure 4.4: The gain in students identifying forces for common question 1 during Trial 2 showing much 
larger gains for the representations worksheet than during the first trial. 
 
The concepts worksheet remained relatively unchanged from Trial 1 to Trial 2 and so 
unsurprisingly, there was 100% gain for pulling force and a large gain of 60% for tension. The 
students who did not use the word tension communicated the forces using a diagram rather than 
words which accounts for less than 100% of students naming the force “tension”. Rather 
pleasingly, this group of students also had a 100% gain in identifying friction. 
 
In the case of the representations students there is an increase in almost every category but most 
distinct from the concepts students is the increase in students identifying weight and identifying 
the normal force. The difference in student responses suggests that the students with 
representations instruction were more likely to visualise the situation through the lens of a free-
body diagram resulting in greater increases in forces identified by students with representations 
instruction than those with concepts instruction. This is especially true for identifying the 
normal force which often is remembered after drawing a free-body diagram requiring the 
balancing of forces.  
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4.6.2 Worksheet 2: Energy 
Figure 4.5 shows common question 2 on energy used in Trial 1. The goal was to see which 
representations students would use in their answer, especially whether the representations 
students would use more sophisticated representations of equations or diagrams. 
 
 
Figure 4.5: The common question for the Energy worksheets. This is the question used in Trial 1 which 
was then modified for Trial 2. 
 
Many students found this question confusing and were unable to provide coherent answers. The 
typical response was to draw a picture and write a long list of equations, many not suitable to 
solve the problem. For this question, student responses were coded as utilising one or more of 
three representations - words, equations or diagrams. It was found that students completing both 
worksheets used similar representations in their answers (figure 4.6). 
 
 
Figure 4.6: Percentage of students using particular representations (words, diagrams and equations) to 
answer the common question of the energy worksheets (Trial 1). 
 
In the case of the worksheets on forces described earlier, we had modified and improved the 
Information section of the worksheet. For the worksheets on energy there is a different issue as 
the common question is not distinguishing between representations students and concepts 
students. Therefore, in consultation with experts in education research, the common question 
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was made more sensitive. Therefore, for Trial 2, a rollercoaster travelling in a loop rather than a 
car sliding without friction was used for the common question. The premise behind the question 
was fundamentally the same, but the content was changed and an image was included. The new 
common question for Trial 2 is included as figure 4.7.  
 
 
Figure 4.7: The common question for the energy worksheets (Trial 2). 
 
Figure 4.8 shows the results of Trial 2. Concepts students predominantly used words in their 
answer while representations students were more likely to draw or refer to a diagram and to use 
equations in their response. These representations are regarded as more sophisticated than a 
simply words-based response in the research literature (Dufresne, et al., 2004; Gilbert, 2004). 
These data reveal that the modified question was sensitive to insights gained by students from 
the different worksheets. In particular, that the representations students were able to use more 
diagrams and equations in their problem solving methods. 
 
 
Figure 4.8: Results of energy worksheets common question (Trial 2). Percentage of students using the 
representations of words, diagrams or equations in their responses. 
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4.7 Results: Reflection Question and Focus group discussion 
While student perception of their own learning does not always correlate with actual learning 
(Spinello & Fischbach, 2008) the students’ opinions on the worksheets and their feedback for 
improvements was a valuable resource. We will make brief mention of the results that impacted 
worksheet development. 
 
4.7.1 Reflection questions 
Typically students found the worksheets helpful for their study of Year 12 physics. On average, 
86% of students indicated that the worksheets were at least partly helpful. Few students 
indicated that the worksheets were “very helpful” but we predict that this is because there may 
be limited perceived helpfulness of an exercise that only lasts 15 minutes. In addition, the 
worksheets were not designed to be a complete lesson, rather to put students into the right frame 
of mind for a regular class on the topics of forces or energy. 
 
4.7.2 Focus group discussions 
During class discussions after completing worksheets on both topics (forces and energy) the 
students as a group were asked questions including: "Did they have enough time for the 
worksheets?", "What did they learn?", and "What did they find confusing?" These were 
conducted after each trial. 
 
Results across the board indicated that the worksheets were of the right length, with some 
students responding that there was too much time for the forces worksheet. There is potential 
for greater content but one should be careful not to put too much into any worksheet. 
 
Students were able to articulate a variety of new things that they had learned, despite the limited 
content. Students who completed the concepts worksheets felt that they had been reminded of 
the definitions of certain concepts and were interested in the particular fact that “kinetic friction 
is less than the force of the static friction” (Concepts Student). Students who completed the 
representations worksheet recognised the process and problem-solving strategies that they had 
learned; “the conservation of energy, I wouldn’t generally think in that way of using an 
equation … for question A (common question 2 given before instruction) I actually wrote an 
equation without realising it but then on part B (common question 2 given after instruction) I 
realized, “oh”, and changed it so that it used the law of conservation of energy” 
(Representations Student). 
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When asked what they found confusing, multiple students remarked after the first trial that they 
were still confused about free-body diagrams. No students made this comment after the second 
trial when completing the updated and simplified worksheet. There were other terms that 
needed clearer definitions including “static friction” and “work”. 
 
4.8 Discussion 
Instruction must incorporate both teaching and research. This is the fundamental idea behind the 
three important principles identified by Duit (2007). While there will always be those who 
specialise in one of these two areas, it is important that teachers understand and participate in 
research and that researchers do not see themselves independent from teachers. 
 
4.8.1 Demonstrating how research-based representations worksheets can impact student 
practice 
Classroom teachers recognise this as a nontrivial task. After two trials, we were able to show 
that by completing a 15-minute worksheet on representations students were more likely to use 
diagrams and equations in problem solving than students learning about related physics 
concepts. We cannot hope to completely change the students representational practices with 
such a short worksheet, however these students are now prepared to view further class 
instruction (or homework) through the lens of the particular representation introduced, resulting 
in improved learning in class (Nistal, et al., 2009). 
 
Further study is needed to investigate the long-term impact of regular, brief representation 
experiences used in this study. Already, research at a university level by the authors has 
indicated long-term gains in both representational fluency, and conceptual understanding as a 
result of similar activities. 
 
4.8.2 Providing a template and process of how teachers can develop representations-based 
instruction suitable to their discipline 
This was achieved in two ways. Firstly, the explicit structure of representations-focused (and 
concepts-focused) worksheets set out in Figure 1, which has shown to have the potential to be 
effective through this study. The second way is through demonstrating the development 
process, which includes reflective assessment of the worksheets and student answers. In the 
case of the worksheets on the topic of forces, the content of the worksheet on free-body 
diagrams needed to be modified after Trial 1. The same common question was able to be used. 
However, we demonstrated how it is not always the content that needs modification. In the case 
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of the worksheets on the topic of energy, the common question wasn’t sensitive enough to 
measure differences in student learning. In this case, the question had to be changed. Each of 
these issues in instructional design, both improving content and assessment, are common 
problems to address which are encountered in research. 
 
Through taking the template of the worksheet structure, and following the model set out in this 
paper, teachers from different scientific disciplines are further enabled to produce research-
based, tested, instructional material for their students. Using the template, worksheets could be 
developed as needed for particularly ‘representation-rich’ topics and ‘conceptually rich’ topics 
for local contexts. 
 
4.9 Conclusion 
We have highlighted and demonstrated key elements of instructional design. A set of 
worksheets that can be used to teach students representations in physics, a novel template for 
worksheet design, and an example of integrating research and teaching applicable to any lesson 
planning or design are included. 
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Chapter 5: 
Pre-lecture online learning modules in university 
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performance 
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School of Physics, University of Sydney, Sydney, Camperdown NSW 2006, Australia 
 
5.1 Abstract 
In our earlier paper published in this journal, we described short-weekly online learning modules (OLMs) 
that were carefully created to supplement a first-year university physics course (Hill, Sharma, & 
Johnston, 2015).  Where the previous paper was focussed on the merits of the content of the OLMs, this 
paper is focussing on the student uptake to allow for fellow practitioners to benefit from our experience. 
Online learning is often tried, but less often tested. For practitioners, it is useful to understand 
when and how students participate, why do or don’t students participate, and what are students’ 
opinions of online learning.  Here we present the frequency and duration of student engagement 
with OLMs based on data collected automatically by the learning management system, and 
results of a survey.  Over 75% of students who completed the final exam were deemed to have 
actively participated in the OLMs for an average of approximately 15 minutes each week. 
Despite the flexibility of having almost four days to complete the modules, the majority of 
students completed them 24 hours before the deadline. Students reported that they completed 
the modules as they found them helpful for learning and for the 1% contribution to the final 
course mark regardless of correctness of answer. Students reported that the modules improved 
their understanding, prepared them for lectures, and provided other benefits such as motivating 
regular participation. When considering performance, students who achieved high distinctions 
completed the most OLMs at an average of 10.7 ± 1.4 modules, while students who failed the 
course only completed 4.1 ± 3.8 modules on average. As each grade level increases, so does the 
average number of OLMs completed. From another perspective when comparing students who 
completed more than eight OLMs with those who completed less than 4 using an established 
physics concepts test (the Force & Motion Concept Evaluation), students who completed more 
modules had higher learning gains across the semester. Results from this study assist educators 
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in understanding the dynamics of introducing online learning in face-to-face courses and 
contribute to the growing body of literature into the efficacy of blended learning. For the 
practitioner often baffled by the significant amount of data that can be queried through learning 
management systems, this paper offers an analysis using these data to consider what blended 
learning looks like for the students.  
 
5.2 Introduction 
5.2.1 The move towards online learning 
Online environments have been used for learning for over 40 years (Harasim, 2000). More 
recently, particular forms of online education have emerged such as flip-lectures and MOOCs 
(Massive Open Online Courses). Despite an apparent consensus, as stated in Oncu & Cakir 
(2011), that learning through an online learning environment may be superior to classroom 
instruction, researchers have pointed out the lack of rigorous efforts to demonstrate how 
learning in an online environment can achieve its potential (Chen, Wang, & Chen, 2014; Lack, 
2013; Oncu & Cakir, 2011). Integrating online instruction with face-to-face teaching is popular 
in university courses. This is known as blended learning (Black, 2002; Swan, 2009). 
 
5.2.2 Types of blended learning 
As is the case for online learning in general, there is mixed evidence and a lack of rigorous 
research studies into the effectiveness of blended learning (Means, Toyama, Murphy, Bakia, & 
Jones, 2009; Zhao & Breslow, 2013). Despite this, there are many instances where blended 
learning has been shown to be effective, often more so than traditional classroom instruction 
(Black, 2002; Chen, Stelzer, & Gladding, 2010; Day & Foley, 2006; Day, Foley, Groeneweg, & 
Van der Mast, 2004; Lumsden, 1976; McFarlin, 2008; Moore, 2014; Neumann & Hood, 2009; 
Pargas, 2006; Seery & Donnelly, 2012; Stelzer, Brookes, Gladding, & Mestre, 2010; Stelzer, 
Gladding, Mestre, & Brookes, 2009; Utts, Sommer, Acredolo, Maher, & Matthews, 2003).  
 
Several ways of considering the extent to which the different learning opportunities integrate, 
and the anticipated student time on particular activities are available. Two of which are 
presented here. Twigg describes four models of blended learning (2003)  
1. Supplemental: adding extra online instructional activities to an existing course,  
2. Replacement: replacing activities in an existing course with online instruction,  
3. Emporium: mainly online with some classroom instruction 
4. Buffet: students can choose from a variety of online and in the classroom activities, 
further elaborated in (Hood, 2013). 
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This can be compared to Alammary, Sheard, and Carbone’s (2014) three approaches; “low-
impact blend” (similar to supplemental), “medium-impact blend” (similar to replacement), and 
“high-impact blend” which includes both emporium” and “buffet”.  The ‘impact’ refers to the 
extent of change that introducing an online component makes to the course.  For the practitioner 
considering blended learning, these descriptions provide ways of articulating the incorporation 
online learning into the design of the course. 
 
5.2.3 Measuring student participation in online activities 
In their review article, Means et al. (2009) suggest that the positive effects of blended learning 
(and purely online learning) may often be due to more time on task rather than online learning 
environments being a better medium (see also (Beer, Jones, & Clark, 2009; Chen et al., 2010; 
McFarlin, 2008; Stelzer et al., 2010)). Spending extra time on task using online learning 
environments, through increased student motivation or greater accessibility to resources, is a 
recognised benefit (Ruiz, Mintzer, & Leipzig, 2006) and therefore it is vital that studies 
explicitly measure participation related to time students spend on online activities. 
 
Online environments allow for tracking of student usage, however few studies go into details of 
when, how often, and for how long students use online resources in their learning experience. 
Often studies in online learning fail to report on retention rates and instead, like many course 
providers, choose to focus on how many students have enrolled (Means et al., 2009). In contrast 
to this, one instance of detailed reporting is a large-data study in medical education using log 
files to track how students accessed online lectures (Craig, Wozniak, Hyde, & Burn, 2009). The 
researchers found that the frequency of student participation certainly justified the financial cost 
and instructor effort required to publish the content. Student participation in the many facets of 
the blended learning course were mapped allowing the administrator to separate self-directed 
students with regular participation in many learning activities from those who accessed online 
lectures in the lead up to an assessment. Studies into blended learning can neglect reporting the 
level of engagement with online activities, possibly implying all students completed them 
(Chen et al., 2010; Stelzer et al., 2010). Some studies do report on these patterns and have found 
relatively high levels of participation despite small credit incentives and also that students are 
likely to complete exercises very close to the due date despite the inherent flexibility of online 
access (Seery & Donnelly, 2012). This paper will continue to investigate these questions of 
student engagement in particular how often, for how long, and when during the week and over 
the semester do students utilize online learning in the case of a blended learning course in 
university physics.  This paper adds to the current research as it is a large scale study within a 
calculus based first year university physics case using the supplemental model of blended 
learning. 
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5.2.4 Student perception of online activities and blended learning 
Student motivation and self-efficacy are key contributors to time on task and effective learning 
engagement (via likert-scale surveys in Lindstrøm and Sharma, 2011), especially when it comes 
to activities in the less regulated online learning environment (measured using a motivation 
strategies learning questionnaire  in Wang, Shannon, & Ross (2013)). Measuring student 
satisfaction and student perceptions of online learning activities allows for a deeper 
understanding of the positive elements of a blended learning course and identification of 
barriers to effective engagement. Alammary et al. (2014) give warnings and recommendations 
for blended learning courses (specifically courses of the supplemental model). Specifically, they 
warn that adding extra online activities can be a burden to students and recommend that online 
activities should be integrated well with the existing course in order to address a pedagogical 
need (this was further argued by Wu, Tennyson, & Hsia (2010)).  Successful studies report 
students perceive a benefit to learning from a blended course structure (Black, 2002) and 
especially that face-to-face time was used more effectively (Day et al., 2004; Moore, 2014). 
Why students complete online activities differs depending on the type of activity and the 
distribution of learning activities. To maximize student engagement, it is recommended that 
students recognise the intended benefit of particular online learning activities as they complete 
them. Why students chose to, or chose not to, complete online learning activities is another 
matter for investigation in this paper. It must be briefly noted that engagement is due to a range 
of factors and has been particularly associated with active learning (for review articles see 
Prince (2004) and Freeman et al. (2014)). In this paper the focus is on online learning and 
engagement but for explicit examples of active learning in physics see Georgiou and Sharma 
(2015) and Sharma et al. (2010).  
 
5.2.5 Purpose of the study 
In light of the current state of research focusing more on design and final outcomes of blended 
learning courses this paper will focus on student engagement in an online learning environment 
to supplement learning in a large first year university physics course (supplemental model). The 
general research question probes the patterns and perceptions of student engagement with 
weekly pre-lecture OLMs throughout a semester of undergraduate physics education. The 
specific research questions and facets examined are:  
4. What are the patterns in student use of Online Learning Modules (OLMs) in this 
course? 
1.1 What is the pattern of participation across the semester? 
1.2 How long do students stay logged onto the OLMs? 
1.3 When do students choose to complete the OLMs? 
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5. Why do/don’t students engage with OLMs? 
6. Is introducing the OLMs associated with improved learning and experiences? 
3.1 Do completing OLMs improve student learning? 
3.2 What are student opinions of the OLMs? 
 
The intention is to share our research with practitioners, who are either considering blended 
learning and unsure of the student response, or those who have already implemented blended 
learning and may be exploring how to measure and analyse the student response.  
 
5.3 Method 
This paper presents a case study using a mixed methods approach, more particularly a mixed-
model design (as described by Johnson and Onwuegbuzie (2004)). By combining quantitative 
and qualitative research approaches we can answer a broader “range of research questions 
because (we) are not confined to a single method” (Johnson & Onwuegbuzie, 2004). In this 
section, the context is explained through describing the student population, the form and 
purpose of the OLMs, and the methods that are used to analyse student participation, 
perceptions, and subsequent performance on an established physics concept test. 
 
5.3.1 Implementing Online Learning Modules 
Sets of 12 OLMs were developed for a 1st year calculus-based physics course at the University 
of Sydney. The students undertaking the course were in their first semester of university. They 
had studied physics through to the end of their secondary education. The course was the 
“Regular” physics course as opposed to the “Advanced” course which consisted of high 
achieving students based on their grades in secondary education. In 2014, the cohort had 656 
students who completed the final exam. For timetabling reasons the students were divided into 
five lecture streams (or section) with four different lectures covering identical content for three 
lectures per week.   
 
The OLMs were designed as weekly exercises for students to complete in order to prepare for 
the upcoming week’s lectures. Each week’s module was divided into three brief sections, 
• Information, where content was presented 
• Questions, where students were asked questions related to the content 
• Reflection, where students were prompted using metacognitive questions to reflect on 
their learning. 
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Figure 1 is a screenshot of the first module deployed using the universities eLearning platform 
“Learning Management System (LMS)”. More details on the development and content of the 
OLMs are described in Hill et al. (2015). This is not repeated in this paper as the response of 
students rather than the content of the OLMs is the focus of the investigation. A sample OLM 
can be found in Appendix 1. 
 
 
Figure 1: A screenshot of a component of an OLM offered to 1st year university physics students  
 
The OLMs were designed to take 15 minutes with a recommended 30 minute time limit. They 
were available from 5pm on a Thursday until 10am on the coming Monday when the first 
lecture of the week occurred. Students were marked for participation, and completion of 11 of 
the 12 OLMs available through the semester resulted in the student being awarded 1% of the 
end of semester physics mark. (As this was a new and supplemental component of the course 
only 1% of the end of semester grade was allowed by the course organisers to be awarded for 
the OLMs.)  
 
Students were informed of the OLMs in a variety of ways: 
(a) Through the standardised course outline provided online and in the first lecture of the 
course 
(b) Verbal explanation in the first lecture and hand-out explaining how to access the OLMs 
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(c) Verbal reminders in lecture and laboratory classes during the first two weeks of 
semester 
(d) Weekly emails to students reminding them of their responsibilities for that week 
(e) Emails to students at time of deployment of the OLMs on four occasions; during the 
first week, at the beginning of each new topic area, and for the final OLMs.  
 
5.3.2 Measures of student engagement with the OLMs 
Student engagement with OLMs was measured in four main ways. 
 
Tracking student participation in OLMs online 
The LMS recorded the date, time and duration of every student attempt at an OLM. This 
allowed for most of research question 1 to be answered. We were also able to use these data to 
determine the number of OLMs completed by each student to answer research question 3 on 
student learning.  The LMS data was transferred to SPSS and analysed by grouping and sorting. 
 
Final module with reflection questions 
The final OLM included the following reflection questions: 
(a) Likert Scale questions (of strongly agree, agree, neither agree nor disagree, disagree, 
strongly disagree) 
a. The OLMs were helpful for learning physics this semester 
b. The OLMs were relevant for learning physics this semester 
c. The OLMs were demanding to complete 
d. I put a lot of effort into completing the OLMs each week 
(b) Short answer response 
a. What motivated you to complete the OLMs throughout the semester 
b. Name one thing about the OLMs that was helpful for learning physics this 
semester 
Student responses were coded and themes extracted. 
 
Surveys and focus groups 
The final module (described above) allowed for surveying of students who did regularly 
complete OLMs. However we wanted to also understand why students who were active 
participants in the course did not choose to participate in the OLMs. Therefore we surveyed a 
group of these students and participated in a staff-student liaison meeting to try and ascertain 
the perspective of non-participating students.  
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27 students who elected not to complete any OLMs responded to an additional survey 
administered during tutorials asking “Why did you not complete more OLMs this semester?” At 
a post-semester staff-student liaison meeting where students shared their experiences of the 
course in general, a 15 minute focus group was conducted seeking student experiences of the 
OLMs. Student comments were noted for triangulating with other data. 
 
Student assessment marks  
Throughout the semester, the students completed a variety of assessments which contributed to 
their final mark and grade levels of high distinction, distinction, credit, pass and fail. We 
analysed the number of OLMs completed for each grade level.  
 
Relevant for this investigation, in addition to the above assessments, on two occasions (as a pre-
test and post-test) students completed the Force Motion Concept Evaluation (FMCE) (Thornton 
& Sokoloff, 1997) which is a test on mechanics concepts included in this course. The FMCE 
has been successfully used to evaluate the effectiveness of other teaching and learning 
innovations at this institution (Sharma, Johnston, Johnston, Varvell, Robertson, Hopkins, 
Stewart, Cooper, Thornton, 2010). This therefore provided a quantitative measure of whether 
the OLMs helped the students to understand physics better over the semester of instruction. 
 
5.4 Results 
5.4.1 RQ1: What are the patterns in student use of OLM in this course? 
What is the pattern of participation across the semester? 
Of the 656 who completed the final exam, 97% completed at least one module. Furthermore, 
45.8% completed more than eight modules which was deemed as actively participating in the 
OLMs.  
 
641 students completed the module in the first week and the number of students completing 
modules decreased across the semester (see figure 5.2). During the first week, and in the 
beginning of semester, there were more students enrolled in Regular Physics and more students 
participated in the OLMs. However, the number of students decreased after week 1. This 
decline in student enrolment and participation is common across various student learning 
opportunities (e.g. lectures and tutorials) and is not unique to the OLMs. 
 
After the fifth OLM, the numbers dropped again. This module was available at the end of a 
week-long mid semester break. A decline is noticed in all aspects of the course. Some students 
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may have been away during the mid semester break, and for some, the break may have altered 
their regular study routine resulting in a failure to complete that week’s OLM.  
 
 
Figure 5.2: The number of students completing OLMs across the course of the semester. 
 
How long do students stay logged onto the OLMs? 
The modules were designed to take 15 minutes to complete. The average time across the 
semester was 14.9 minutes. Figure 5.3 shows a histogram of the distribution of time students 
spent on OLMs throughout the semester. 
 
 
Figure 5.3: Histogram of time spent on 5101 OLM attempts across the semester excluding the week 13 
reflection module which was intentionally shorter.  
 
 98 
 
As figure 5.3 indicates there was a wide range of time spent on the OLMs. The data almost 
appears normal but a Kolmogorov-Smirnov reveal that it is not a normal distribution (p < 
0.001) While the intended time (and average time) was 15 minutes, many students took up to 30 
minutes to complete the modules. It is likely that many students were making use of one of the 
affordances of online learning – that they can complete activities at their own pace based on 
their prior knowledge and learning capabilities. 
 
When do students choose to complete the OLMs? 
Another affordance of online activities is that students can complete learning exercises in their 
own time arranged around other activities. Therefore we may predict that students would 
complete the modules at all times throughout the four day period given to them each week. The 
histogram of when students actually completed the modules (split in two hour intervals) is 
presented in figure 5.4. 
 
 
Figure 5.4: Histogram of when students chose to complete the OLMs between Friday 5pm and Monday 
10am. The vertical single lines show 10am as the start of a new day of recording, and the shaded bars 
represent night time (6pm-6am). 
 
There are three trends to notice from figure 5.4. Firstly, students did complete modules right 
across the weekend indicting that students did the modules when it most suited them. The 
second trend is that students typically completed the modules between 12pm midday and 3am 
the following morning suggesting students are willing to engage with online activities later in 
the night. The final trend is the most obvious, that the majority of students completed the 
modules immediately prior to the impending deadline of Monday morning, and therefore most 
students completed the module from Sunday midday onwards. Despite students having the 
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option to choose anytime on the weekend, 63.3% of all modules completed had the 30 minute 
duration expire after 10am Sunday (figure 5.5). As the semester went on, a lower percentage of 
students completed OLM on the Thursday (week 1 had 21%, week 12 had 6%) and more 
students completed OLM on the Sunday (week 1 had 49%, week 12 had 69%). The overall 
trend in students completing the OLMs later over the weekend is reflected in the higher 
standard deviations for the first and last days that the OLM were available.  
 
 
Figure 5.5: Which day students chose to complete OLMs. Categories extend from 10am of the particular 
day until 10am the next morning. Error bars represent 1 standard deviation of the proportion of students 
across the 12 weeks. 
 
5.4.2 RQ2: Why do/don’t students engage with OLMs? 
Why do students choose to complete OLMs? 
326 students responded to the question “What motivated you to continue completing the online 
learning modules throughout the semester?” The student responses were qualitatively coded 
into one or more of six categories by one author, which was then validated by another author 
before together grouping the categories into three themes. These included Theme 1: Finding the 
OLMs helpful for learning (including categories 1a: Associating OLMs with the lectures, 1b: 
Referring to helpfulness, and 1c: Referring to learning in a positive), Theme 2: Wanting to 
attain the associated marks (category 2a: Associated marks), and Theme 3: Completing the 
modules was a normal part of the course (including categories 3a: Having an “Obligation” to 
complete the OLM, and 3b: referring to the OLMs as set work, or a normal exercise). The 
themes are summarised in table 5.1. 
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Table 5.1: Three identifiable themes to student answers of why they chose to complete the OLMs 
throughout the semester. Many student answers relate to more than one theme. 
Theme Responses that 
fit the theme 
Representative example 
Theme 1: Found the OLMs 
helpful for learning 
61% “The information gained and summarized by 
the online learning modules were very helpful 
in understanding the rest of the course” 
Theme 2: Wanted to attain the 
associated marks 
58% “The 1% mark was easy to get by just 
completing them. For the little effort, it was 
worth it” 
Theme 3: Completing the 
modules was a normal part of 
the course 
19% “It was part of the course” 
 
61% of students indicated that they found the OLMs helpful and useful for learning. Some 
students felt that the OLMs gave a good overview about the next week’s lecture (“The online 
learning modules provided a very good overview of what we would be learning in lectures and 
ESPECIALLY in tutorials that week… I would be prepared for the tutorials and be able to 
contribute to the workshops”). In addition some students saw that the OLMs were a good 
revision tool (“It helped me reflect on my work”). Therefore many students did the OLMs 
because it helped them learn. 
 
58% of students indicated that the marks associated with the OLMs were a key motivator. This 
is despite the total mark attainable only being 1% of the end of semester mark. This indicates 
that even such a small mark associated with an online activity can be enough to encourage high 
student participation. Finally 19% of student answers related to the perception that the OLMs 
were an ordinary part of first semester physics learning. The students were not told that this was 
a new initiative and so many just took it as a normal requirement. 
 
Why do students choose not to complete the OLMs? 
We surveyed 27 students who completed less than three OLMs as to why they didn’t complete 
any, or didn’t complete more OLMs throughout the semester. They were given space for an 
open ended response. The three most common reasons were that the students didn’t consider 
engaging in these online activities worthwhile (e.g. “I wasn’t bothered”, 8 responses), students 
forgot about the OLMs (e.g. “I honestly forgot”, 11 responses), and personal/logistical reasons 
(e.g. “I did not complete the second half as my mother became ill”). This highlights that 
students need to be reminded of the modules regularly, and effort needs to be made to remind 
them of why the modules are helpful and worthwhile. Only one student indicated technical 
problems which is positive when trialing a new technological activity. Interestingly two 
students didn’t like the deadline being on Monday with one remarking “If it was (due on) 
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Friday I would do them”. These responses were important for evaluation in order to try and 
increase participation in following years. 
 
5.4.3 RQ3: Is introducing the OLMs associated with improved learning and experiences? 
Do completing OLMs improve student learning? 
There were two quantitative ways that we present here which can give a measure of student 
learning. The first is to compare student learning gains on a conceptual test, the FMCE 
(Thornton & Sokoloff, 1997), completed at the start and end of semester as pre and post tests. 
Students who completed more than eight OLMs (those who engaged with OLMs) were 
compared with those who completed less than four (non-participants of OLMs). The average 
results are presented in table 5.2. 
 
Table 5.2: Mean scores and standard deviations on the FMCE raw scores (maximum score is 43) 
comparing students who engaged in OLMs with non-participants. 
 Students who engaged 
with OLMs 
(n=261) 
Non-participants 
(n=53) 
 Mean σ Mean σ 
Pre-FMCE  15.98 8.57 17.37 9.80 
Post-FMCE 21.65 11.67 21.13 11.10 
 
Non-parametric tests were used to compare the means as the distributions were found not to be 
normal (using the Kolmogorov-Smirnov test). Using independent-samples Man-Whitney U 
Tests, we found that there was no significant difference between the students who engaged with 
the OLMs and the non-participants for the Pre-FMCE (p=0.416) or the Post-FMCE (p=0.830). 
However, for both groups of students the Post-FMCE had a mean that was significantly higher 
than the Pre-FMCE (non-parametric Related-Samples Wicoxon Signed Rank Test, p<0.001). 
Therefore there was improvement from both groups across the semester.   
 
By calculating the normalised gain, <g>, we are able to easily compare the increases in test 
scores between the two groups. It is a ratio of the actual gain to the maximum possible average 
gain for a group of students, i.e., 
 
<g> = %<G>/%<G>max=(%<Sf>-%<Si>)/(100-%<Si>)” (Hake, 1998). 
 
Table 5.3 shows that the students who engaged with OLMs had a higher gain (.209) than the 
non-participants (.147) indicating that those who engaged in online learning had greater 
conceptual physics learning than their follow students. We note that the pre-FMCE mean is 
higher for the non-participants while their post-FMCE is no different to that of those who 
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engaged with OLMs.  A similar pattern was found in a study in the same institution with 
students’ engagement with tutorials (Sharma, Millar, & Seth, 1999; Sharma, Mendez, & 
O’Byrne, 2005).  
 
Table 5.3: Learning gains for the FMCE for students who engaged with OLMs and non-participants. 
<g> Students who engaged 
with OLMs 
(n=261) 
Non-participants 
(n=53) 
FMCE .209 .147 
 
 
Another measure of the potential impact of the OLMs is comparing the level of student 
engagement with the OLMs, measured by how many modules were completed by students, and 
their end of semester physics mark (which is primarily an incorporation of exam, laboratory, 
and assignment marks). Figure 5.6 shows that the students who achieved high distinctions on 
average completed the most OLMs at 10.7 ± 1.4 modules, while students who failed on average 
only completed 4.1 ± 3.8 modules. As each grade level increases, so does the average number 
of OLMs completed. This is only a correlation and cannot be reported as a causal link, but when 
coupled with the results above, that greater engagement with OLMs resulted in greater learning 
gains, it is not surprising that the students who completed more modules, on average, achieved 
greater success in first semester physics overall. The relationship between OLM participation 
rates and student success in the course offers administrators another indicator to identify 
students who may be “at risk” of failing the course. Students with low or no OLM participation 
can be contacted by support staff in an effort to help them complete the semester. 
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Figure 5.6: The average number of OLMs completed by students who attained each physics grade (error 
bars represent the standard error). 
 
What are the student opinions of the OLMs? 
During the final OLMs students were given an opportunity to reflect on a variety of aspects of 
the OLMs. Included here are likert responses and student comments on how the modules helped 
them in first semester physics. Figure 5.7 shows four histograms of the students’ responses to 
the final OLM’s reflection questions. 
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Figure 5.7: Histograms of student responses to reflection questions on the OLMs. Students could choose 
from a likert scale from Strongly Disagree, Disagree, Neither Agree nor Disagree, agree, to Strongly 
Agree. 
 
It was intended through design that the first three questions would result in most students would 
“agree” or “strongly agree” and that the fourth question (“the OLM were demanding to 
complete”)would have a more even spread of student responses as the modules were not 
designed to be too demanding for students. Students on average found the OLMs helpful and 
relevant for learning physics. The majority of students (51%) either agreed or strongly agreed 
that they put a lot of effort into the OLMs but many students (34%) answered “Neither Agree 
nor Disagree” to this question. While we might have hoped that students had put more effort 
into the OLMs it is a positive result that students didn’t find the extra activity too demanding, 
but reported it’s helpfulness and relevance to the course. 
 
As part of the final week’s module, the students were asked to “Name one thing about the 
Online Learning Modules that was helpful for learning physics this semester”. Thematic 
analysis (see Braun & Clarke (2006)) was used to understand and present the open-ended 
responses. 300 responses were obtained and one researcher identified six sub-themes using a 
bottom-up approach generating initial codes using a word-count method (see table 7 of Hill et 
al. (2015) for the word-count method results). This author proposed three overall themes, and a 
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fourth theme with two student responses stating that they did not find the OLMs helpful in any 
way. The other authors of the paper validated the analysis by using these now defined themes 
and sub-themes to categorise a selection of 60 responses (20%). They coded all but one of the 
responses in an identical way to the original analysis and so the themes are presented below. 
(The disagreement about the one particular response was resolved after a group discussion. 
Table 5.4 lists the three themes and six subthemes.  
 
Table 5.4: The themes and sub-themes identified from the 300 online responses to the question "Name 
one thing about the Online Learning Modules that were helpful for learning physics this semester".  
Theme Sub-theme % of 
responses 
1.  
OLMs prepared 
students for 
lectures and 
other learning. 
1a. 
The OLMs made learning in lectures more effective or efficient 
 
1b. 
The OLMs assisted preparation for the week’s learning (lectures, 
labs and tutorials) 
 
 
44% 
 
 
28% 
2. 
OLMs improved 
student 
understanding of 
physics 
2a. 
The OLMs explained physics or facilitates learning and 
understanding 
 
2b. 
The OLMs introduced physics content, ideas, or representations 
(graphs, equations or diagrams) 
 
 
24% 
 
 
19% 
3. 
OLMs provided 
other benefits to 
learning physics 
3a. 
The OLMs encouraged regular physics participation 
 
3b. 
The OLMs acted as a review (rather than preview) of the week’s 
material 
 
 
6% 
 
 
5% 
(4. 
The OLMs did 
not provide any 
benefit) 
  
<1% 
 
Students recognised that completing the OLMs changed the way that they learnt physics 
[Theme 1]. Either they found physics lectures to easier to understand (“by completing the 
OLMs we are not completely clueless in lectures”) or they felt that the OLMs helped them 
prepare for upcoming material. Therefore they found that the OLMs integrated well with the 
physics course. This statement is also supported by theme 3. Many students found that 
completing the OLMs encouraged regular participation in the physics course (“They made sure 
I did some physics work each week”).  
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A final comment is made using comments from the bi-annual staff/student liaison meeting held 
at the end of each semester which contained a focus group reflecting on the OLMs and the 
physics course. Here is highlighted three most relevant student comments regarding the 
increased workload from the OLMs: 
• Student A: “The quizzes (OLMs) are really helpful for the lecturers in the coming 
week” 
• Student B: “The reflection questions are annoying. I know they say they are good for 
us, but… I don’t see the point. The really good part is the information and the 
questions” 
• Student C: “There is not too much assessment/activities. It is good to keep motivated” 
These three students consider the OLMs helpful (supporting the data obtained from the survey 
in the final OLM). One provided feedback that a portion of the weekly OLMs were frustrating 
and from their perspective, unhelpful but was still positive overall for the experience. Finally 
student C made a direct statement that despite the extra workload this was not a negative. The 
modules and other activities helped this student to keep motivated. This suggests that there is a 
limit to the amount of work we can ask of students, but introducing OLMs to a course already 
with lectures, laboratories, workshop tutorials and assignments has clearly not reached that 
limit. 
 
5.5 Discussion 
In comparing voluntary participants and non-participants one must consider the issue that the 
participants are more likely to put extra effort into all aspects of their learning. While their 
improved performance from the pre-test to the post-test could be due to the intervention that 
they voluntarily participated in, it could also be due to their other efforts to learn physics across 
the semester. However, the results in this paper indicate a clear association between student 
performance and OLM participation and suggest that the OLMs may have been one of the 
differences in the post-test scores of the two groups. 
 
The impact on student performance was only one of the questions that this paper set out to 
answer. Student participation was measured using data retained through the learning 
management system platform and engagement with the OLMs was considered through asking 
when and for how long did the students complete the modules and questioning student 
perceptions of the OLMs.As a result we have been able to provide practical insight into the 
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benefits of introducing research-based, integrated online learning activities relevant to both 
researchers and practitioners alike. 
 
5.5.1 Implications for Research 
Lack (2013) rued the absence of much rigorous research into online learning. By comparing 
students who participated in more than eight OLMs (engaged students) with those who 
completed less than four (non-participants) we have demonstrated that engaging in a significant 
number of weekly pre-lecture OLMs in physics is associated conceptual learning gains across 
the semester. In addition students who attained higher end of semester results for the course on 
average had completed more OLMs. In addition, student perceptions indicated that they felt that 
the modules were helpful for learning physics, preparing themselves for lectures, and 
maintaining progress through the course indicating that the students felt that the implementation 
of blended learning has a clear positive impact on this first semester physics course.  
 
For one of the first times, student participation was tracked over each weekend and across the 
semester. The results have shown that the majority of students did engage with the online 
component of blended learning and that there were some clear patterns in student use. This 
gives greater understanding of the student attitude towards blended learning and the actual 
impact rather than just assuming all students who complete all activities given to them 
regardless of their situations. On average students spent 15 minutes a week on the modules (as 
intended) but despite giving them almost four days to complete the modules (from Thursday 
evening until the Monday morning’s lecture), 63.3% of modules were attempted in the last 24 
hours, and the highest time period of module completion was 9-11pm on the Sunday evening. 
These results present us with a question: does blended learning allow for students to complete 
learning activities when it is most convenient for them (potential for greater engagement than 
face-to-face instruction) or does it simply change the time that students are working to the last 
24 hours before the due date (same level of engagement)? That is – did students engage more 
by participating in an extra task simply because it was an extra task, or was it because the 
OLMs delivered this content in a format that was conducive to engagement (blended learning). 
In our course, students saw preparation for the coming week’s lectures as a key benefit of the 
OLMs and therefore it is not surprising that the evening before classes were due to begin for the 
week would be a peak time in OLMs use as students prepared for the week ahead.  
 
One limitation of the study was that time spent on the OLMs did not necessarily indicate the 
time that the students spent in front of their computers working through the OLMs. The times 
used to calculate the average time of 15 minutes was from when they began the module until 
the time that they submitted it. While OLM sessions that ran overtime were excluded as this 
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indicated that students had simply left their internet browser running, further research would 
improve the study by tracking clicks or cursor movements to ensure that during this time the 
students remained on task.  
 
Further work could also be done in directly asking students why they completed the tasks at the 
times that they did and how the OLMs fitted into their everyday life. Students could also be 
asked how OLMs could be structured or delivered in order to make them engage even more. 
 
5.5.2  Implications for Teaching 
Practitioners are feeling pushed towards increasing the level online learning in their courses, 
whether from others in their institutions, or a conviction that it may benefit their students. Many 
may feel wary about how blended learning can fit with their situation and simply whether the 
students will participate in learning opportunities when they are placed online. Others may have 
implemented blended learning and are now looking for ways to measure the student 
participation and perceptions of the change and its impact on their performance. This paper 
analyses data retained though a learning management system to consider what blended learning 
looks like for the students.  
 
This study demonstrates that students do engage in the online learning opportunities of a 
supplemental model of blended learning (Twig, 2003) in first year university physics. Vitally 
important was incorporating research into both the design and the evaluation of the OLMs. We 
followed warnings and recommendations to ensure that the extra activity was not a burden and 
that the OLMs were well integrated with the course and student data supports this (Alammary et 
al., 2014). We echo these warnings of ensuring that any additional activity, especially presented 
through a different medium such as online learning, must be well integrated with the course and 
students must see the benefit to encourage high levels of participation and engagement. 
 
In particular it needs to be decided whether the online activities are going to be lessons on their 
own or are designed to improve learning in other settings. By allowing the OLMs to be 
preparatory and well integrated with the lectures students were able to recognise that the 
modules helped them prepare and in fact changed the way that they learnt in lectures for the 
better (consistent with Day et al. (2004) and Moore (2014)).  
 
As well as designing effective modules and convincing students of the educational value of 
participating in online learning there are a number of logistical factors to consider. Information 
given to students about online learning at the start of semester, and through the semester, needs 
to be clear and effective. Our observation is that the current generation of students prioritise 
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course activities when it contributes directly to their final mark. This explains why assigning a 
participation mark (even if it was only 1%) was effective in encouraging high completion rates 
(as shown by 58% of students indicating that this was part of the reason why they completed 
OLMs). In 2015 the institution will be applying standards-based assessment to the first year 
physics course where, in order to receive a particular grade, students must perform to a 
minimum standard in all learning assessments including laboratory classes, assignments, 
exams, and OLMs. So rather than 11 out of 12 modules constituting 1% of the physics mark, 
completion of 10 out of 12 modules will be required for students to attain a high distinction. 
This is expected to further increase student participation in the OLMs, which are deemed an 
essential component of the physics course.  
 
Given that part of this is directed to practitioners considering implementing blended learning, 
we make a final comment reflecting on our experiences. When introducing an online 
component to a predominantly face-to-face course, especially for a large course, staff need to be 
available to reply to student emails within short time periods even over weekends to help with 
technical issues and other questions.  Support from IT staff is critical in the start-up phase.  As 
the inclusion of OLMs settles into a normal part of the course, such support needs to be 
sustained. 
 
5.6 Conclusion 
This paper demonstrates integrating blended learning into a large first year university physics 
course. It was found that there was a high frequency of student engagement, despite a gradual 
decrease in participation across the semester. A high level of engagement was also found which 
according to students resulted in positive benefits to their learning in lectures and is associated 
with overall increases in conceptual understanding. Specifics of student participation such as 
time of day were tracked and reported on. By offering a rigorous investigation into the quality 
and frequency of student engagement in blended learning, this paper contributes to our 
understanding of blended learning and provides incentive and an example for educational 
designers to participate in blended learning in similar ways.  
 
5.7 Appendix 1 
A sample of the OLMs can be found at the following link. Please note, it has been adapted into 
a worksheet format for easy viewing and therefore some features present in the online 
environment have been lost. 
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Online Learning Module: Free-body diagrams: 
http://www.physics.usyd.edu.au/super/RFS/Sample%20OLM.pdf 
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understanding of university physics students 
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School of Physics, University of Sydney, Sydney, Camperdown NSW 2006, Australia 
 
6.1 Abstract 
The use of online learning resources as core components of university science courses is 
increasing. Learning resources range from summaries, videos, and simulations, to question 
banks.  Our study set out to develop, implement, and evaluate research based online learning 
resources in the form of pre-lecture online learning modules. The aim of this paper is to share 
our experiences with those using, or considering implementing, online learning resources.  Our 
first task was to identify student learning issues in physics to base the learning resources on. 
One issue with substantial research is conceptual understanding, the other with comparatively 
less research is scientific representations (graphs, words, equations, and diagrams).  We 
developed learning resources on both these issues and measured their impact. We created 
weekly online learning modules which were delivered to 1st year physics students at the 
University of Sydney prior to their first lecture of the week. Students were randomly allocated 
to either a concepts stream or a representations stream of online modules. The program was 
first implemented in 2013 to trial module content, gain experience and process logistical matters 
and repeated in 2014 in a course approximately 850 students. Two validated surveys, the Force 
and Motion Concept Evaluation (FMCE) and the Representational Fluency Survey (RFS) were 
used as pre-tests and post-tests to measure learning gains while surveys and interviews provided 
further insights. While both streams of online learning modules produced similar positive 
learning gains on the FMCE, the representations-focussed online learning modules produced 
higher gains on the RFS. Conclusions were triangulated with student responses which indicated 
that they have recognised the benefit of the online learning modules for their learning of 
physics. Our study shows that carefully designed online resources used as pre-instruction can 
make a difference in students’ conceptual understanding and representational fluency in 
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physics, as well as make them more aware of their learning processes. In particular, the 
representations-focussed modules offer more advantages. 
 
6.2 Introduction 
6.2.1 Online learning resources 
Online learning resources have been used for learning for over 40 years (Harasim, 2000). The 
phrase ‘blended learning’ is generally used when online learning resources ranging from 
collaborative activities to assessments are meaningfully integrated into courses with classroom 
instruction (Black, 2002; Ellis, Goodyear, Prosser, & O'Hara, 2006). With the development of 
robust technologies and reliable access, most university courses are moving towards some form 
of blended learning. A popular type of blended learning is pre-lecture online instruction (a form 
of flipped lecture) which allows for students to be better prepared for lectures (Chen, Stelzer, & 
Gladding, 2010; McFarlin, 2008; Stelzer, Gladding, Mestre, & Brookes, 2009) and the face-to-
face lecture can further adopt the active learning strategies for physics education (Georgiou & 
Sharma, 2015; Mazur, 2009). Despite an apparent consensus that integrating online learning 
may be superior (Moreno & Mayer, 2004; Oncu & Cakir, 2011), researchers have pointed out 
the lack of rigorous efforts to demonstrate how such learning can be most effective in post-
secondary education (Lack, 2013). This opens the opportunity for further research into the 
uptake of particular designs of online learning, acknowledging that there is considerable 
ongoing research already in the field. A call along these lines for Australian physics education 
was made in a national report some ten years ago (Sharma, Mills, Mendez, & Pollard, 2005).  
 
This paper attempts to share how we designed an online learning resource and how we 
ascertained its learning effectiveness.  The online resource is based on ‘blended learning’ in that 
online resource is meaningfully integrated.  For this is occur, we had to identify student learning 
issues in physics to base the learning resources on. Students in science must learn both 
conceptual information as well as other scientific abilities, one of which is representational 
fluency, or the use of multiple representations in science (Etkina, Van Heuvelen, White-
Brahmia, Brookes, Gentile, Murthy, Rosengrant, & Warren, 2006).  This study looks at using 
online resources to teach well researched conceptual understanding, and less researched 
representational fluency. 
 
6.2.2 Teaching scientific conceptual understanding online 
The study of the natural sciences at university requires students to learn a great volume of 
conceptual information. A typical first year physics course may cover concepts in the areas of 
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mechanics, thermal physics, waves and oscillations, electricity and magnetism, fluids, and 
quantum physics over just 26 weeks. The volume of information for students to learn, and the 
increasing diversity of students at university, has put pressure on practitioners to find alternative 
ways of teaching students science concepts, and using online resources to teach has been a 
popular solution (Chen et al., 2010; Lasry, Dugdale, & Charles, 2014; Moore, 2014; Seery & 
Donnelly, 2012; Stelzer, Brookes, Gladding, & Mestre, 2010; Stelzer et al., 2009). Amongst the 
literature there are a variety of methods including once-off online exercises, to almost whole 
courses delivered online. In this paper we draw on one particular example of using online 
learning to teach concepts before chemistry lectures (Seery & Donnelly, 2012). Seery and 
Donnelly (2012) implemented a series of 10 online learning (pre-lecture) resources based on 
key chemistry concepts to assist first year university students, finding marked improvements in 
student learning. Their particular style of online learning instruction was effective in teaching 
key concepts to first year science students. Hence we modeled our concepts stream of online 
learning modules on this paper to investigate whether there would be similar positive learning 
gains in physics, and also whether they would impact first year students’ representational 
fluency. 
 
Despite the vast array of research into systematic teaching of science concepts, there have been 
few attempts to investigate teaching of representational fluency throughout a semester in a 
university course, and none using weekly online learning modules. 
 
6.2.3 Multiple representations and scientific representational fluency 
Understanding and using multiple representations is an important skill in the sciences (Aldrich 
& Sheppard, 2000; Roth & Bowen, 2003) and in particular physics (Beichner, 1994; Britton, 
2005; Dufresne, Gerace, & Leonard, 2004; Fredlund, Airey, & Linder, 2012). Etkina et al. 
(2006) lists this (“the ability to represent physical processes in multiple ways”) as the first of 
seven “scientific abilities” that must be taught and assessed in introductory university physics 
(p1). Examples of multiple representations include visual representations (diagrams, maps, and 
flow charts) and symbolic representations (graphs, equations, and tables) (Gilbert, 2004). See 
figure 6.1 as an illustration (Redish, 2003). 
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Figure 6.1: Multiple representations of a car rolling down a hill (figure adapted with permission from 
(Redish, 2003)). 
 
Multiple representations portray relationships where they are not obvious (Bowen, Roth, & 
McGuinn, 1999; Goldman, 2003) and aid problem solving (Kohl & Finkelstein, 2007). 
Representational Fluency (Hill, Sharma, O'Byrne, & Airey, 2013; Nathan, Stephens, Masarik, 
Alibali, & Koedinger, 2002) describes collectively “the ability to work within and translate 
among representations” (p367) (Bieda & Nathan, 2009), using representations as experts do 
(Kohl & Finkelstein, 2005; Roth & Bowen, 1999), and learning new representations quickly 
(diSessa, 2004). The mark of a good student in physics is often that they can solve a variety of 
conceptually challenging problems and this requires fluency in a wide variety of representations 
to both understand the question and generate an appropriate solution (Dufresne et al., 2004).  
 
Making meaning from various representations (semiotics) is conducted differently in various 
disciplinary discourses. This is often a problem for novice students separating the specialized, 
technical forms of representations from everyday meanings (Treagust & Chittleborough, 2001). 
This can easily be a barrier to participation in the discipline and Airey and Linder (2009) went 
so far as to say that fluency in a sufficient variety of specific representations may be a necessity 
for accessing a disciplines way of knowing. Instructors, and scientific textbooks use much more 
than the single mode of verbal communication assuming that students have the representational 
fluency to interpret the information (Lemke, 2005). Research indicates that this assumption is 
not valid as many novice students lack the representational skills and practices of experts or 
practicing scientists (Bowen, et al., 1999; Rosengrant, Van Heuvelen, & Etkina, 2009; 
Woolnough, 2000).  In particular at the University of Sydney, first year regular physics students 
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appear to lack the representational fluency of more advanced students (Hill, Sharma, O'Byrne, 
& Airey, 2014). 
 
Two questions then arise; first is representational fluency measurable? Second can we create a 
learning environment which demonstrably fosters the development of representational fluency? 
The first has been probed through the development and validation of the Representational 
Fluency Survey (Hill et al., 2014) akin to ways in which conceptual learning gains are  
measured through the Force and Motion Concept Evaluation (Thornton & Sokoloff, 1997) or 
the Mechanical Wave survey (Tongchai, Sharma, Johnston, Arayathanitkul, & Soankwan, 
2009). The second question is the focus of this paper. 
 
6.2.4 Teaching scientific representational fluency online 
There is some research on instructional methods for improving university students’ use of 
multiple representations (Hand & Choi, 2010; Kohl, Rosengrant, & Finkelstein, 2007b), but a 
scarcity on improving representational fluency to date to our knowledge. Kohl, Rosengrant, and 
Finkelstein (2007a) investigated whether explicitly teaching and explaining diagrams in physics 
or using diagrams often and authentically in a semester long program led to more effective use 
of diagrams.  They found that at the end of semester, both approaches were equally effective 
with regards to student use of representations.   
 
While we looked to chemistry for literature on teaching concepts online, a discipline with 
substantial experience teaching representations is mathematics. As a model for our 
representations-focussed instruction we considered a carefully designed and evaluated Maths 
Skills program used at La Trobe University, Melbourne, Australia (Jackson & Johnson, 2013).  
The Maths Skills program supports the development of mathematical skills amongst university 
science students as they progress through their semester long courses. Amongst the resources, 
structured topic worksheets with explicit headings directed students’ metacognition towards 
understanding the purposes and relevance of the material, was found to be effective. We had 
discussions with this team and used elements of this structure. 
 
6.2.5  Purpose of the study 
The purpose was to develop two streams of research based online learning modules (OLM), a 
concepts-focussed stream and a representations-focussed stream. Then to investigate which 
stream would help students improve in two areas, their representational fluency (e.g. using 
graphs, words or equations), and conceptual understanding (e.g. a knowledge of concepts in 
mechanics), in order to make recommendations of the best use of online learning modules in 
university physics. Our specific research questions were: 
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1. How do we develop and implement representations-focussed OLM similar to concepts-
focussed OLM? 
2. Can we improve students’ learning, (both conceptual understanding and 
representational fluency) through pre-lecture OLM? 
3. Do students recognise the benefit of OLM for physics learning? 
 
The sections below address each in sequence.   
 
6.3 RQ1: Developing and implementing OLMs in first-year physics 
6.3.1 Rationale 
The rationale aligns particularly with three of the studies discussed earlier.  From Seery & 
Donnelly (2012), we adapted strategies for, ‘priming’ prior to lectures seeking to enhance 
understandings. The Concepts OLM emulated this by priming key concepts, while the 
Representations OLM primed key representations. From Kohl et al. (2007a) we adapted the 
“strongly directed” approach for the Representations OLM.  This entailed explicitly identifying 
representations, their affordance and uses. In addition, emphasis was given on requiring 
students to observe, and enact translations between representations. 
 
From Jackson and Johnson (2013) we adapted a specific uniform structure for all the OLM. 
Each weekly module had three sections consisting of: 
1. Information, where content was presented directly to the students, 
2. Questions, where internalisation of the content was fostered through prompting 
problems, 
3. Reflection, where worth of the content was elaborated with metacognitive questions.  
 
6.3.2 Development 
The modules were developed iteratively involving trials with high school students in 2012 and 
ongoing consultation with lecturers and physics education experts, as shown in figure 6.3. 
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Figure 6.3: Flowchart of development process 
 
A full trial deployment with students at university level occurred in semester 1, 2013. 
Refinements based on analysis of student responses were made prior to the 2014 deployment. In 
parallel, targeted consultation through workshops conducted with the wider academic 
community (Hill & Sharma, 2013; Hill, Sharma, & Johnston, 2013) assisted in fine tuning 
pedagogical aspects. 
 
The final collection of Representations and Concepts OLMs used in semester 1, 2014 was 
therefore developed using a combination of student responses and expert and practitioner 
consultation. The results and analysis in this paper focus on the 2014 implementation. See table 
6.1 for a list of OLM topics, and Appendix C for the full OLMs in worksheet form. There were 
minimal technical and administrative difficulties, and staff were familiar and comfortable in 
introducing and referring to OLM in their interactions with students.   
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Table 6.1: Topics for the areas of Mechanics, Thermal Physics, and Waves and Oscillations. All of the 
Representations OLM are highlighted as they all were relevant to the RFS. Five Concepts OLM are 
highlighted as these were from mechanics therefore relevant to the FMCE. 
Week Topic Area Representations OLM Concepts OLM 
1 
Mechanics 
Free Body Diagrams 
 
Understanding Tension & Friction 
2 Equations of Energy 
 
Kinetic & Potential Energy 
3 Resolving Vectors 
 
Momentum and Impulse 
4 Representing Torque 
 
Introduction to Torque 
5 The Vector Cross Product 
 
Understanding Angular Momentum 
6 
Thermal Physics 
Linear Relationships & 
Proportionality 
Linear Expansion & Specific Heat 
Capacity 
7 Diagrams of Gases 
 
Introduction to Ideal Gases 
8 Work done by Gases 
 
Thermal Physics Processes 
9 Drawing Heat Engine 
 
Heat Engines 
10 
Waves and 
Oscillations 
Using Graphs to Describe Periodic 
Motion 
Applications of Simple Harmonic 
Motion 
11 The Wave Equation 
 
Mechanical Waves 
12  Reflection and Feedback Reflection and Feedback 
 
6.3.3 Delivery Platform 
The modules were delivered using Sydney University’s eLearning platform “Blackboard” 
which allowed for the modules to be completed by students on various devices including mobile 
tablets seamlessly within their learning management system. Figure 6.4 provides a screenshot of 
what the student would see in the week 1 Representations OLM.  
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Figure 6.4: A screenshot from the first week of OLM (Representations Stream). (Reproduced from figure 
5.1) 
 
6.3.4  Integrating OLM into Regular Physics 
The implementation occurred within the first year Regular Physics course across a 13 week 
semester with approximately 850 students. Historically, the course had three one-hour lectures, 
a one hour workshop tutorial per week, and eight, three-hour experimental laboratory sessions 
across the 13 weeks. Assessment is via laboratory work, assignments, tutorial participation and 
a final examination. The course had three modules: mechanics, thermodynamics, and waves and 
uses Young and Freedman (1996). Into this context we were to move towards flipped-lectures. 
The first step was to introduce pre-lecture online instruction and demonstrate its effectiveness 
before changing how the lectures themselves are taught.  
 
Hence there were 12 OLM developed and deployed. They took 15-30 minutes to complete and 
could be done in multiple attempts, starting from the second week of the semester. The modules 
were available from 5pm on Thursday in the previous week and needed to be completed by 
10am on Monday which coincided with the first physics lecture of the week. Completion of the 
modules was worth a nominal 1% of the final mark regardless of correctness of answers. 
 
There were two streams of OLM, each priming work to be covered in the coming week’s 
lectures; the Representations Stream comprised 12 modules focussed on representations, the 
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Concepts Stream comprised 12 modules focussed on concepts. Each student was randomly 
assigned to either the Representations or Concepts Stream for the semester. 
 
6.4 RQ2: Can we improve students’ learning (both conceptual 
understanding and representational fluency) through pre-lecture 
OLM? 
6.4.1 Measuring the impact of the OLM  
Students completed pre and post tests which were used for statistical testing and comparing 
learning gains. To answer research question 1, a conceptual survey, the Force & Motion 
Conceptual Evaluation (FMCE) (Thornton & Sokoloff, 1997) which has been used extensively 
at the institution was used. To answer research question 2, the, Representational Reasoning 
Fluency Survey (RFS) (Hill et al., 2014) was used (see Appendix A). The RFS was developed 
iteratively including examining validity and reliability, as described in (Hill et al., 
2014).  During the iterative development process student feedback and interviews, along with 
regular collaboration with an expert panel (including multiple individuals with over 30 years 
physics education experience), were used to confirm face and content validity. The version of 
the RFS used in this paper satisfied the criteria for standard statistical tests (difficulty index, 
point biserial coefficient and Cronbach's alpha).  
 
Figure 6.5 illustrates the study design; structure of the intervention and data collection. 
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Figure 6.5: The sequence of data collection and deployment of the OLM streams in the study. 
 
6.4.2 Data collection 
Students were randomly assigned to either the Concepts OLM or the Representations OLM. 
Students who met the following criteria have been included as participants in a particular OLM 
stream: 
• completed either the FMCE or the RFS twice, as pre and post test. 
• completed more than 8 of either Representations or Concepts OLM  
 
Students who met the following criteria have been included as a non-participant in the OLM: 
• completed either the FMCE or the RFS twice, as pre and post test. 
• completed less than 4 modules.  
 
One could argue that the OLM non-participants were more disengaged generally than those in 
the streams.  This is not so.  Our data indicate that these students chose to use different learning 
resources to the OLM and completed either the RFS or the FMCE twice.  The non-participants 
persevered in labs, lectures and/or workshop tutorials till the end of the semester. In 2014, there 
were 406 students who were included in the final analysis, see table 6.2.  
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Table 6.2: The number of completed tests used for analysis divided by OLM Stream. 
 Representations 
OLM 
Concepts  
OLM 
Non 
participants 
Pre & Post FMCE 137 124 53 
Pre & Post RFS 151 134 58 
Total sample size 170 158 78 
 
6.4.3 What change in concept test (FMCE) results do the OLMs produce?   
We modelled our program of Concepts OLM on the previous study from Seery and Donnelly 
(2012) who demosntrated improved conceptual learning.  Do our Concepts OLM also produce 
benefits to conceptual learning? Do our Representations OLM which do not specifically target 
concepts also have a positive impact on learning concepts?  Table 6.3 provides the mean scores 
and standard deviations for students from each OLM stream and the non-participants on the 
FMCE. 
 
Table 6.3: Mean scores and standard deviations on the FMCE for each OLM stream and the non-
participants. 
 Representations OLM 
(n=137) 
Concepts OLM 
(n=124) 
Non-participants 
(n=53) 
 Mean σ Mean Σ Mean σ 
Pre-FMCE  16.23 8.39 16.01 8.81 17.37 9.80 
Post-FMCE 21.53 12.46 21.87 11.49 21.13 11.10 
 
The distributions were not normal when examined using Kolmogorov-Smirnov test for 
normality. Using independent-samples Mann-Whitney U Tests, we found no statistically 
significant difference between the distributions of pre test scores for the Concepts or 
Representations OLM (p=0.131).  No statistically significant differences were found when 
comparisons were made with non-participants (independent-samples Mann-Whitney U Tests, 
p=.295). Therefore the conceptual understanding, as measured by the FMCE, was the same 
upon entry. Next we considered improvement across the course of the semester. Using non-
parametric Related-Samples Wilcoxon Signed Rank Test we found a statistically significant 
increase in scores for both streams and the non-participants (p<0.001). There was improvement 
across the course of the semester.    
 
The question then arises, are the improvements of similar magnitudes or does one learning 
environment offer an advantage? We turn to learning gains, which are a measure of the 
“average normalised gain <g> for a course as the ratio of the actual average gain <G> to the 
maximum possible average gain, i.e., 
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<g> = %<G>/%<G>max=(%<Sf>-%<Si>)/(100-%<Si>)” (Hake, 1998) 
 
Table 6.4 shows that the learning gains on the FMCE are the highest for the Concepts Stream, 
very closely followed by the Representations Stream and lowest for the non-participants.  
  
Table 6.4: Learning gains for the FMCE for each OLM stream and the non-participants. 
<g> Representations OLM 
(n=137) 
Concepts OLM 
(n=124) 
Non-participants 
(n=53) 
FMCE .198 .219 .147 
 
In conclusion, these results indicate that both learning modules can improve student 
performance on a conceptual test.  The Representations OLM produce gains almost to the same 
extent as the Concepts OLM and better than for non-participating students.  Our results indicate 
that well designed representations instruction does facilitate conceptual understandings as it 
allows particpation in disciplinary discourse (Airey & Linder, 2009) required for learning in 
lectures or any context.  
 
6.4.4 What change in representational fluency test (RFS) results do the OLMs produce?   
Table 6.5 provides the mean scores and standard deviations on the RFS for the two streams and 
non-participants.  
 
Table 6.5: Mean scores and standard deviations on the RFS for each OLM stream and the non-
participants. 
 Representations OLM 
(n=151) 
Concepts OLM 
(n=134) 
Non-participants 
(n=58) 
 Mean σ Mean Σ Mean σ 
Pre-RFS 8.330 3.68 7.910 3.31 7.380 3.60 
Post-RFS 11.51 3.61 10.58 3.63 9.950 4.30 
 
Student data for the RFS was compared in a similar manner to the FMCE. With the RFS pre test 
scores, no statistically significant differences were found between the distributions for the two 
streams and the non-participants. Again, comparing pre and post tests, both streams experienced 
a significant increase in mean scores (p<0.001) indicating improvement across the course of the 
semester. 
 
Unlike the results for the FMCE however, when comparing the post tests, on average, students 
who were in the Representations OLM stream scored significantly higher on the post 
Representational Fluency Survey (Independent-samples Mann-Whitney U Test=0.011) than 
those from the Concepts Stream. 
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Considering RFS learning gains, the Representations Stream registered the highest gain, 
followed by the Concepts Stream and the non-participants, see table 6.6.  
 
Table 6.6: Learning gains for the RFS for each OLM stream and the non-participants. 
<g> Representations OLM 
(n=151) 
Concepts OLM 
(n=134) 
Non-participants 
(n=58) 
RFS .329 .265 .242 
 
In conclusion, on average both of the OLM streams and the non-participants improved their 
score on the RFS across semester 1 indicating that the combination of instructional methods did 
result in improved representational fluency. Both sets of OLM can be seen to be beneficial for 
learning representational fluency but the Representations Stream was most effective. These data 
show that the representational fluency of university students can be improved through 
Representations OLM. This successful result is pleasing, but not unexpected as it was targeted 
through meaningfully integrated blended learning using demonstrated methods such as the 
strongly directed approach of explicitly teaching representations (Kohl, et al., 2007a).  
 
6.4.5 Interpreting Learning Gains 
The question now arises, how does this improvement compare with ‘normal practice’ or other 
teaching innovations? Here we seek to benchmark learning gains with earlier studies. Learning 
gains have been graphically represented, on a two-dimensional plot with the x-axis representing 
the pre-test scores and the y-axis the learning gains, see figure 6.6. Figure 6.6a is from an 
extensive study demonstrating that teaching methods employing interactive engagement 
strategies register higher learning gains than methods employing more traditional approaches 
(Hake, 1998). Figure 6.6b, from our institution, illustrates a similar finding, courses with 
Interactive Lecture Demonstrations (ILDs – where modified predict-observe-explain protocols 
are intermingled with peer instruction) register higher learning gains than more traditional 
lectures (non-ILD) (Sharma et al., 2010).  Consistently studies reveal that particular teaching 
methods can result in medium gains versus traditional instruction which typically achieves 
lower gains. Figure 6.6c comprises of learning gains from the FMCE and 6.6d from the RFS 
from this study.  
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Figure 6.6: Gain plots of 2014 data for FMCE and RFS tests (c) and (d) and results from previous 
research using, as diagnostic tests, the Force Concept Inventory, Hake (1998) (a) and the FMCE, Sharma 
et. al. (2010) (b). 
 
Noteworthy is that the non-participants registered low gains similar to students with non-ILD 
instruction as measured by the same test (FMCE) in previous years (comparing 6.6b and 6.6c). 
This establishes a baseline for our study. Both OLM streams resulted in higher gains for 
students on the FMCE (medium gains) than non-participants (low gains). In the case of the RFS 
all three streams fall within the range of medium gain, but again, the students who did complete 
modules experienced higher gains, with the Representations Stream achieving the highest gain.  
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6.5 RQ3: Do students recognise the benefits of OLM for physics 
learning? 
6.5.1 Data Collection and Analysis 
Student feedback was elicited upon completion of the final Week-13 module, and 12 students 
who completed the OLM were interviewed at the end of the semester (see sequence in figure 
6.5). Student feedback was in the form of online responses to the following open ended 
question (n=300):  
 
“Name one thing about the Online Learning Modules that was helpful for learning physics this 
semester” 
 
Ten face-to-face, semi-structured interviews were conducted individually and one with two 
students. The interviews sought to probe ‘how the modules supported and or hindered 
learning?’ The students were selected using the quota sampling method to ensure representation 
of the student body. Each interview was 20-40 minutes in length, participant responses were 
audio recorded and transcribed by the interviewer to ensure maximum accuracy of both verbal 
and non-verbal responses.  
 
The analysis of the open-ended responses and interview data occurred after all the data had 
been collected such that the researchers were immersed in all of the qualitative data while 
completing the analysis. Iterative coding identified emergent themes which were authenticated 
by triangulation through different analysis across the two data sources. The interview data 
provides rich descriptions of the emergent themes. There were three steps in the analysis.   
1. A simple word count of the online responses identified popular words around which the 
emergent themes could be framed. 
2. Systematic coding of online responses was used to formulate themes 
3. The themes were validated by an expert and finalised by cross-checking with interview 
responses 
 
6.5.2 Results 
Table 6.7 presents a word count of the most common words as well as examples of how the 
students used the words. 
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Table 6.7: Percentage of responses using variations of particular common words in answering the 
question "Name one thing about the OLM that was helpful for learning physics this semester" from both 
the Concepts and Representations Streams. 
 Root word Sample use of the word in context Concepts 
(n=135) 
Representations 
(n=165) 
1a Lecture “It provided information that put 
lecture material into context” 
46% 33% 
1b Prepare “helped me prepare the material for the 
following week” 
11% 6% 
2a Understand “help me to reinforce the understanding 
of some basic understanding of 
physics” 
17% 20% 
2b Concept “giving an idea about the concepts we 
will learn the following week” 
14% 7% 
2c Graph/Equation 
/Diagram 
“it helped me to learn some useful 
equations beforehand” 
0% 13% 
 
While the OLM are one learning resource from many (including labs, lectures, tutorials and 
other online resources), table 6.7 illustrates that students recognised the strong connection 
between the OLM and lectures, and in particular improved learning in lectures. The five most 
common words in conjunction with coding led to three emergent themes with sub-themes, 
summarised in table 6.8. Each theme, elaborated below, displays that students do recognise the 
benefit of completing the OLMs for learning physics. 
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Table 6.8: The emergent themes and sub-themes from the 300 online responses to the question "Name 
one thing about the OLM that were helpful for learning physics this semester". 
Theme Sub-theme 
1.  
OLMs prepared 
students for lectures 
and other learning. 
1a. 
The OLMs made learning in lectures more effective or efficient 
 
1b. 
The OLMs assisted preparation for the week’s learning (lectures, labs and 
tutorials) 
 
2. 
OLMs improved 
student 
understanding of 
physics 
2a. 
The OLMs explained physics or facilitates learning and understanding 
 
2b. 
The OLMs introduced physics content or ideas (concepts) 
 
2c. 
The OLMs introduced physics graphs, equations or diagrams (representations) 
 
3. 
OLMs provided 
other benefits to 
learning physics 
3a. 
The OLMs encouraged regular physics participation 
 
3b. 
The OLMs acted as a review (rather than preview) of the week’s material 
 
 
Theme 1: The students found OLMs prepared them for lectures and other learning. 
Various comments from both streams revealed that the students felt that completing the OLMs 
changed the way they learnt. This was expressed in two ways, some felt that the lectures were 
easier to understand (“it helps me to understand more and more, much easier to follow the 
lectures” – Concepts Stream, “by completing the OLM we are not completely clueless in 
lectures” – Representations Stream [Theme 1a.]) Others felt more prepared for the upcoming 
material (“It gave me an idea what direction the lectures were heading in” – Concepts Stream, 
“It made me feel a little more comfortable as I was able to see the ‘big ideas’ that I would be 
learning in the following week” – Representations Stream [Theme 1b.]). In essence, these 
students recognised the purpose of the OLMs to help students “gain a basic understanding of 
each topic covered (as an) insight into the materials being covered for each following week” 
(Concepts Stream).  
 
The observation of the students that completing the modules helped them “follow the lectures” 
(Concepts Stream), and “increase understanding of information during the lecture” 
(Representations Stream) is consistent with pre-lecture priming (Seery & Donnelly, 2012). The 
effectiveness of introducing representations to improve learning in lectures is explained by one 
student in particular: “The early introduction to the relevant formulas was extremely helpful as 
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then I was able to relate it to the content and make much more sense of what I was learning” 
(Representations Stream). 
 
Theme 2: The students described the OLMs as directly teaching physics concepts or 
representations. 
Around 19% of respondents commented that the modules improved their “understanding” of 
physics [Theme 2a.] Some students listed particular module topics such as “thermodynamics” 
(Concepts Stream) or “drawing ideal gasses” (Representations Stream), others spoke more 
generally about how “it sometimes explained things better than the lecturer does” 
(Representations Stream) [Theme 2a].  
 
As table 6.7 shows, students from both streams reported that they learnt particular physics 
concepts from the OLM [Theme 2b.] (“It was useful in getting the initial idea of the concept 
which was being explained” – Representations Stream). However, only those from the 
Representations Stream (13%) mentioned graphs, equations/formulas or diagrams [Theme 2c.]. 
Here students recognised that it was an aspect of physics that was being introduced, “it gave 
simple hints on reading graphs” (Representations Stream). This was the main point of 
difference between student comments from the two module streams. 
 
Theme 3: The students comment that the OLMs provided other benefits to learning physics. 
The benefits described in this section were not part of the original intention of the OLM but are 
noteworthy for their potential impact on research into online learning. Students from both 
streams commented on OLM as a regular activity compelling them to actively participate in 
physics, impacting positively on their learning experience [Theme 3a.] (“They made sure I did 
some physics work every week” – Concepts Stream, “The compulsory evaluation of our 
learning each week was very helpful” – Representations Stream).  Some students requested that 
OLM be given for post-lecture revision [Theme 3b.] (“rather than the online modules trying to 
prepare for the lectures, they felt like a more appropriate and encouraging reminder of the 
things mentioned in the lecture instead” – Concepts Stream). These students valued the OLM as 
a metacognitive reflective tool (“it forced me to do a quick mental summary of things I had 
learnt that week” – Concepts Stream) and as an “evaluation of our learning each week” 
(Representations Stream). Given the numbers of students who value the OLM for pre-lecture 
priming, whether to make them available afterwards, or for longer time periods is a challenging 
decision to make for educators.  
 
Interview Responses 
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There was a greater difference between the streams in the interviews than in the online 
responses, however, the responses matched the themes identified in Table 6.8. Students who 
completed the Concepts Stream recognised the benefit of the almost flipped lecture approach. 
 
Initially for the first two or three weeks I thought they were pointless… but by doing 
the modules we do have a rough idea of what we are going to learn so when it ends up 
in lectures we know what the lecturer is telling us so we don’t have to stop or pause it 
and ask him for every single time rather we can just move on with the class. (Concepts 
Stream) [Theme 1a.] 
 
They also believed that the modules played a role in priming prior knowledge, to optimise 
learning in lectures. 
 
Obviously you can’t show up to a lecture and understand 100% what they are saying 
without some prior knowledge, so I feel that the online stuff did give me that prior 
knowledge that you needed. (Concepts Stream) [Themes 1a. and 2a.] 
 
Some students from the Representations Stream also recognised a shift in their “subconscious” 
attitudes towards lectures and were able to describe the metacognitive shifts that the modules 
facilitated. 
 
at a subconscious level it is working so you could maybe look at the lecture in new 
ways. (Representations Stream) [Theme 1]. 
 
Furthermore, students recognised how priming explicit representations freed up cognitive space 
so more complex ideas could be understood in lectures.   
 
(The modules) told me about the graph and how it works… when they started talking 
about how it is to be applied and what it means, as opposed to being stuck with how it 
works and being behind, I already knew.  (Representations Stream) [Theme 1a and 
2c]. 
 
Analysis of both the online responses and participant interviews illustrate how students were 
positive towards the OLM regardless of the focus on representations or concepts. In addition, 
they recognised that they were not stand-alone, but assisted learning in lectures [Theme 1]. In 
the case of the Representations Stream, it allowed for a particular barrier to learning to be 
lowered [Theme 2c.] which supports the quantitative findings that the Representations Stream 
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have the highest learning gains according to the representational (RFS) measure, and almost 
equally high learning gains as the Concepts Stream according to the conceptual (FMCE) 
measure. 
 
6.6 Implications and further research 
6.6.1 Online resource development processes 
There were two notable factors in the success of the OLM at the University of Sydney. First 
was the research-based design; drawing on previous studies increased the likelihood of success 
of our move towards blended learning. We recommend that educators investigating blended 
learning consider the literature in (but not limited to) this paper and where possible, consult 
authors and educators attempting similar strategies. 
 
The second factor was undertaking trials as shown in figure 6.3. The process of trailing physical 
worksheets in two high schools resulted in substantial changes which ensured that the modules 
were communicating what they were designed to communicate. The ideal would be to trial 
online modules on a small scale, but technological constraints prevented this. Hence, the first 
full implementation in 2013 is viewed as another trial. This study reports results from the 2014 
deployment of the OLM as we consider this to be ‘going live’.  The three year investment has 
resulted in an online learning resource that will need minimal, if any tweaks in the near future 
assuming that the syllabus is not altered.  And we have evidence that the resource improves 
student learning and engagement.   We see our study as an opportunity to analyze results and 
understand student learning and use of online resources even further. We recommend that 
educators consider trials prior to full deployment of learning resources.  
 
6.6.2 Deployment and management strategies 
Reflecting on student participation and students’ comments (see research question 3), there are 
a number of lessons that can be learnt from our particular implementation of OLM in first year 
physics. 
 
(a) Offering 1% for completing 11 out of 12 OLM had some consequences: 
a. A 1% incentive was sufficient to get most students completing the weekly 
online activities. 
b. The OLM were awarded marks for participation rather than correct answers. 
This encouraged authentic participation and for students to take responsibility 
for their own learning.  Students did not take advantage of the system. 
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c. Clear communication is necessary as some students thought that by missing 
two OLM they were no longer able to attain any marks. The concept of pro rata 
marks needs to be stressed.  
d. When marks are associated with any activity some students will seek 
clarification that marks have been awarded. A system needs to be in place to 
regularly monitor the online system and student emails.  It is important to 
support students with access and completion issues as technical glitches can 
occur. 
 
(b) Communication of the purpose of the pre-lecture OLM was important for encouraging 
participation and managing student expectations 
a. Students were informed that the primary purpose of the OLM was to prepare 
for lectures. This was recognised by students as a helpful element of the OLM. 
b. Students were reminded at the start of each new physics topic with a different 
lecturer (Thermal Physics, Oscillations and Waves) that the OLM would 
continue for these topics. 
c. Students were not told that the OLM were an ‘innovation’ in this course. From 
the student perspective, the OLM (and blended learning) were simply a normal 
part of the course. 
 
(c) Making OLM available from 5pm Thursday until 10am Monday morning was 
appropriate for pre-lecture online activities 
a. An average of 15 minutes (student times typically ranged from 8-30 minutes) 
was appropriate.  We saw significant changes in student learning.  There was 
appreciation of the OLM rather than complaints. 
b. Thursday until Monday morning gave the students enough flexibility but 
recognised that many students would complete the OLM at the last minute.  
Therefore giving a larger time window for students would be unnecessary. 
c. Having access available over the weekend was necessary (as many students did 
the exercise on the Sunday) but also required periodic monitoring over the 
weekend to troubleshoot problems that inevitably arose. 
 
6.6.3 Which is more beneficial for pre-lecture OLM: introducing physics representations or 
physics concepts? 
The results of research question 2 showed clearly that both streams of OLM were beneficial for 
student learning. Therefore we would encourage any tertiary science educator who is using 
completely classroom-based instruction to consider blended learning of pre-lecture instruction 
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with either representations or concepts. Both of the streams produced similar learning gains 
(Representations: 0.198, Concepts: 0.219) on the concept survey (FMCE), while those who 
elected not to complete the OLM but did participate in the course registered gains in the low 
range (0.147). 
 
Despite this, for students to develop scientific representational fluency, the representations-
focussed OLM were clearly more effective on the RFS (Representations: 0.329, Concepts: 
0.265). In comparison, the gain for those who did not complete the OLM, was 0.242 is similar 
to the gain for the concepts stream. Therefore the results of this investigation would suggest that 
introducing representations through OLM is the better pre-lecture instruction option for student 
cohorts like the 1st year Regular physics students at the University of Sydney. 
 
It is hoped that this result and implication can be used by other scientific disciplines too as 
while representational fluency here is nuanced for physics students, it is an interdisciplinary 
concept (Hill et al., 2014). Therefore educators in chemistry, biology, and environmental 
sciences could consider the representations that are taught and how they can best introduce 
them through blended learning or otherwise. 
 
It could be suggested that the ideal instruction incorporates both concept-focussed and 
representation-focussed teaching. We would agree and argue that explicit representation-
focussed instruction is often lacking in many scientific education settings. However, in the case 
of pre-lecture activities, where there is limited time in preparing for further teaching in lectures, 
this study demonstrates that representation-focussed instruction should be prioritized. 
 
6.7 Conclusion 
The implementation of online pre-lecture learning modules in a first-year university calculus-
based physics course resulted in improved learning gains on both conceptual and 
representational reasoning tests. Completing these modules, in addition to regular course 
instruction, increased student conceptual understanding and representational fluency greater 
than regular course instruction alone. Results over two years indicate that student 
representational fluency can be developed through targeted teaching strategies in particular 
explicitly introducing students to physics representations weekly throughout the semester. 
Furthermore, qualitative analysis supports the quantitative data and also shows that the students 
themselves recognise both intended and unintended benefits of OLM. 
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Chapter 7: 
Discussion - Lessons learned regarding 
representational fluency  
 
This discussion considers three general questions regarding representational fluency. Each 
question is answered with implications for teachers and implications for research, as well as 
recommendations for the next step of work to be done on this question. The questions do not 
relate only to one paper; instead the answers and recommendations will be drawn from multiple 
papers in this thesis. Recall that the three questions presented in the introduction of this thesis 
were: 
1. What is representational fluency? 
2. What role does representational fluency play in physics learning? 
3. How can students’ development of representational fluency be facilitated?  
 
7.1 What is representational fluency? 
7.1.1 Summary Answer 
Representational fluency is the ability to work within and translate among representations used 
in a given discipline with ease. This thesis considered representational fluency of physics 
students and, as such, the representations requiring fluency were those specifically of the 
physics discipline.  
 
7.1.2 Discussion 
Representational fluency is an essential skill of physics students. It allows them to utilise the 
various representations in physics for communication, understanding, and problem solving. It is 
linked to content knowledge, or conceptual understanding, but can also be measured 
independent of content knowledge. The representational fluency of university physics students 
can be measured through the reliable, and valid, Representational Fluency Survey (RFS) (Hill, 
Sharma, O'Byrne, & Airey, 2014). This has never been attempted before in the literature. 
 
The RFS, presented in Chapter 2, investigates representational fluency by probing the ability of 
students to solve representationally rich problems. The three tiers of the RFS indicate three 
facets of representational fluency (table 7.1). Each of these facets, to some degree, relates both 
to working within and translating among representations.  
 142 
 
 
Table 7.1: The three tiers of the RFS 
Tier of the RFS Facet of representational fluency Relevant literature 
Tier 1: 
Selecting the correct 
multiple choice answer 
The ability to discern information from a 
representation and manipulate it 
(mentally or otherwise) in order to solve a 
given problem. Always requires 
translating among representations. 
(Bieda & Nathan, 2009; 
Gilbert, 2008; Kohl & 
Finkelstein, 2005; 2006; 
Nistal, Van Dooren, 
Clarebout, Elen, & 
Verschaffel, 2009; Shafrir, 
1999) 
Tier 2: 
Offering a scientifically 
congruent explanation in 
any representation 
The ability to generate scientifically 
congruent representations. 
(Dufresne, Gerace, & Leonard, 
2004; Roth, Bowen, & 
McGinn, 1999) 
Tier 3: 
Consistency between the 
chosen answer and the 
explanation 
The ability to use generated 
representations in meaningful ways 
towards a solution to a problem 
(regardless of whether the answer is 
correct).  
(Bieda & Nathan, 2009; 
diSessa, 2004; Lesh, 1999) 
 
Through administering the survey to 334 students at the University of Sydney the three tiers 
were validated as facets of representational fluency (Hill & Sharma, In Press). Furthermore, it 
also confirmed number of differences between groups of students who are considered to have a 
high level of representational fluency and those who have a low level of representational 
fluency. These were identified through analysing the results of the RFS and are consistent with 
previous research. On average, compared to cohorts with a low level of representational 
fluency, cohorts with a high level of representational fluency: 
• use representations more often (Wu & Krajcik, 2006); 
• use a greater variety of representations (diSessa, 2004; May, Hammer, & Roy, 2006; 
Tytler, Prain, Hubber, & Waldrip, 2013); 
• use representations more closely aligned with accepted scientific practices (Roth & 
Bowen, 1999); and 
• use a higher proportion of symbolic and visual modes of representation (consistent with 
Dufresne et al., 2004; J. Gilbert, 2004). 
 
This had not previously been investigated collectively across multiple representations and is 
therefore a novel contribution of this thesis. 
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Figure 7.1: What is representational fluency? 
 
7.1.3 Implications for Teachers 
Educators have known for years that it is not simply the content but also the tools, methods, and 
ways of thinking to which students need to become accustomed. This research highlights a 
particular element of non-content, but discipline specific, facilitation of learning. 
Representational fluency gives a name to the skill that teachers recognise some groups of 
students have and others are still developing. 
 
One implication is that teachers should look to deliberately support students as they develop 
representational fluency. Pre-service teachers would benefit from training in representational 
fluency and related pedagogy, resulting in teachers having a high level of representational 
fluency themselves and knowing how to facilitate representational fluency amongst their 
students. 
 
In the classroom, and as part of instructional material, this research encourages teachers to be 
displaying the features of those with high representational fluency. Teachers may consider a 
incorporating representations to a greater extent and using a greater variety of representations in 
their teaching. Especially, teachers should not be afraid of drawing students towards symbolic 
 144 
 
and visual modes of representations because using these modes are features of student groups 
with high representational fluency.  
 
7.1.4 Implications for Research 
The main implication for research into the question of what representational fluency is relates to 
how representational fluency can be measured. This has not been attempted before; instead 
some researchers have tried to measure the ability of students with one type of representation, 
or more commonly, measure student conceptual knowledge rather than representational use. 
The development of the RFS, a valid and reliable measure of representational fluency among 
university physics students, means researchers can now measure the representational fluency of 
students from different backgrounds, and after experiencing different forms of physics teaching.  
 
Now that representational fluency has been defined, further research can either expand the RFS 
or develop new tools to measure representational fluency. This opens up the new possibility of 
research that can be pursued globally, and not only in the field of science. By measuring 
representational fluency (through the RFS or otherwise) instructional methods can be developed 
in order to facilitate representational fluency, as has been done in this thesis. 
 
7.1.5 Work to be done 
The RFS is not designed to be the final measure of representational fluency, not least because it 
is targeted at university physics students. Further research may include creating a larger pool of 
items to draw from, which would allow for variations of the RFS to be used with a wider 
variety of students. Modified versions could be designed for different age groups and for 
different disciplines within science. 
 
Future work should also consider whether there are alternative means to testing the three 
identified facets of representational fluency in a survey that is easier to grade. The RFS is more 
difficult to grade than more commonly used multiple choice tests such as the FMCE or FCI. It 
may be possible to measure the same representational fluency as measured by the RFS with a 
multiple choice test, but that remains speculation at this stage. 
 
7.2 What role does representational fluency play in physics 
learning? 
7.2.1 Summary Answer 
Representational fluency: 
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• is typically more developed for higher achieving cohorts of physics students; 
• allows students to focus on content rather than the modes of communication and so 
changes the way that instructional materials, class learning, and the world around them 
is viewed; and 
• allows communication in the classroom community and participation in the disciplinary 
discourse. 
 
7.2.2 Discussion 
The research in this thesis identified significant differences in the level of representational 
fluency between different groups of university physics students. Through trying to support 
students with low representational fluency in developing their representational fluency, it was 
seen that improved representational fluency changed the way that students learned in lectures 
and also resulted in improvements in conceptual understanding. Having high representational 
fluency, it appears, allows students to participate in the disciplinary discourse and therefore 
achieve greater benefit from physics instruction. 
 
The results of the RFS reveal that representational fluency levels differ amongst the different 
levels of physics learning experience at the University of Sydney. 
 
 
Figure 7.2: The mean RFS mark for the 6 levels of physics learning experience at the University of 
Sydney (Adapted from figure 3.2) 
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In particular, as seen in figure 7.2, the first year fundamental and regular students have, on 
average, a significantly lower level of representational fluency than the first year advanced 
students. The first year advanced students level of representational fluency is not significantly 
different from that of second year, third year, and honours/postgraduate students. During 
university instruction, more is expected of the first year advanced students than of the first year 
regular or fundamental students and these first year advanced students typically received higher 
marks on high school physics exams. While causation cannot be implied from this graph, one 
hypothesis is that students with high representational fluency may be able to learn physics more 
efficiently or effectively than students with low representational fluency. This hypothesis is 
supported by the further evidence outlined below. 
 
The experiment reported in Chapter 6 details how representational fluency impacts student 
learning of physics concepts. During their first semester, students who received targeted, 
explicit, and integrated instruction on representational fluency had learning gains on a 
conceptual test comparable to students who received instruction focussed purely on physics 
concepts (Hill, Sharma, & Johnston, 2015).  
 
Table 7.2: Learning gains for the FMCE (Force and Motion Concept Evaluation) for each OLM (Online 
Learning Module) stream and the non-participants. (from table 6.4).  
<g> Representations OLM 
(n=137) 
Concepts OLM 
(n=124) 
Non-participants 
(n=53) 
FMCE .198 .219 .147 
 
While the learning gains for the students receiving conceptual physics instruction were 0.022 
higher, the students learning about representations each week before class had greater 
conceptual learning gains than students who did not participate in the additional online 
instruction. On average, the students completing online learning modules focussed on 
representations had a gain 0.051 higher than students who did not participate even though there 
was no additional physics content taught in the representations stream. This indicates that 
developing students’ representational fluency is an effective way for them to improve their 
ability to learn conceptual physics material. 
 
Interview data and survey responses from students who participated in the weekly 
representations instruction provide some evidence why this might be the case. There was a clear 
trend of students from the representations stream indicating that the modules on representations 
improved the way that they learned in lectures. One student explicitly remarked that as a result 
of the instruction they would “look at the lecture in new ways”. Rather than students needing to 
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focus on understanding representations in class, at the expense of focussing on the content, the 
pre-lecture representations instruction facilitated the lecture as a physics learning opportunity. 
 
(The modules) told me about the graph and how it works… when they started talking 
about how it is to be applied and what it means, as opposed to being stuck with how it 
works and being behind, I already knew.  (Emphasis added)  
– First year physics student 
 
Even the physics lecturers recognised the benefit of the pre-lecture instruction. This quote does 
not distinguish between students learning physics concepts and physics representations, but the 
lecturer believed that, in general, students conceptual understanding was improved by their 
involvement in pre-lecture instruction including the teaching of physics representations. 
 
I ran a set of... concept tests with clickers (a student response system) in this 
morning's lecture, and was pleasantly surprised at the outcome. For a start, 
attendance was up on the corresponding numbers last year - the 9am lecture is a good 
litmus test of student engagement.  Secondly, their responses were quicker, and 
thirdly, a majority chose the correct answer... although the correct fraction varied 
from 55% to 95%. 
 
I'm guessing that the... online learning modules may be having a positive effect on 
their engagement with the lecture material. 
- Lecturer of first year physics 
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Figure 7.3: What role does representational fluency play in physics learning? 
 
7.2.3 Implications for Teachers 
One implication of this work is that the emphasis on developing representational fluency should 
be increased in curriculum documents, graduate attributes, or Threshold Learning Outcomes 
(TLOs). Currently, representational fluency underpins many of the science TLOs in Australia, 
but is only explicitly related to an outcome on communication: “4. Be effective communicators 
of science by: 4.1 Communicating scientific results, information, or arguments, to a range of 
audiences, for a range of purposes, and using a variety of modes.” Greater emphasis in such 
policies would lead teachers to see representational fluency as an outcome of science instruction 
facilitating life-long learning. It would also encourage continued engagement with developing 
science and the alibility to communicate in the disciplinary discourse. 
 
Furthermore, representational fluency should not only be seen as an end, but also as the means 
to the end of physics proficiency. If having a high level of representational fluency allows for 
greater participation in learning activities and improved outcomes in conceptual understanding, 
it follows that teachers need to strive to develop the representational fluency of their students 
for the sake of their physics learning. It would be wise for teachers to consider whether the level 
of representational fluency of their classes is appropriate for the level of physics instruction, and 
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avoid trying to teach physics concepts that are too advanced without supporting students to have 
the representational fluency they need to learn these difficult concepts. 
 
7.2.4 Implications for Research 
The first implication is obvious – if representational fluency is an important skill for physics 
students, how can physics instruction facilitate improvements in students’ representational 
fluency? This thesis provides some answers to this question in response to the third overarching 
question of this thesis: “How can students’ development of representational fluency be 
facilitated”. Because this is such a new idea, there remains substantial work to be done. 
 
Research in this thesis suggests that having high representational fluency improves students’ 
learning of physics concepts. As a result, investigations can be done comparing the learning 
techniques of students based on their level of representational fluency. Researchers have 
already studied characteristics of effective students, and this can be compared to the 
characteristics of students with high representational fluency. 
 
Research into effective physics pedagogy can now consider whether there should be variation in 
teaching techniques to students with low representational fluency compared with those with 
high representational fluency. Particularly due the large body of work demonstrating the 
effectiveness of inquiry in the classroom in science education, it may be that students who have 
high representational fluency benefit more from student centred, open inquiry tasks. This is an 
area of significant further research. 
 
7.2.5 Work to be done 
Even in the digital age, textbooks remain a crucial part of physics education in schools and 
universities. Teachers recognise that some students gain more benefit from reading the textbook 
than others, and therefore, some will seek answers in the textbook more often. This may relate 
to representational fluency. A topic for further investigation is examining how having high 
representational fluency changes the way that students engage with instruction such as, for 
example, physics textbooks. 
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7.3 How can students’ development of representational fluency be 
facilitated? 
7.3.1 Summary Answer 
To facilitate the development of representational fluency, the use and affordances of 
representations should be taught explicitly (or with a strongly-directed approach), but integrated 
with course content. One method suitable for a university context is through weekly, 
representations-focussed, online learning modules. 
 
7.3.2 Discussion 
Explicit teaching of representations can facilitate immediate change in student practices. This is 
also referred to as a “strongly-directed” approach to teaching representations (Kohl, 
Rosengrant, & Finkelstein, 2007). It involves making clear the representation, the conventions 
used in the discipline, and the representations’ affordances (uses) as opposed to simply using 
representations correctly while teaching physics content. The benefit of explicit teaching of 
multiple representations was demonstrated in Chapter 4 in the development of representations-
focussed worksheets for year 12 physics students. It was found that explicitly teaching free-
body diagrams helped students to recognise often overlooked forces on everyday objects, such 
as an object’s weight and the normal force when resting on a surface, and that explicitly 
teaching equations of energy led students to using more symbolic and visual representations in 
problem solving (a feature of students with high representational fluency identified in Chapter 
3). 
 
As a result, a framework for worksheet design (Figure 7.4) was published which can be used in 
various disciplines to teach students to use representations (Hill & Sharma, 2015).  
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Figure 7.4: The scaffold for representations-focussed worksheets developed in Chapter 4) 
 
While these worksheets were shown to impact the ability of students to use particular 
representations relevant to the discipline (representational competence), whether these 
worksheets facilitate the ability to integrate representations or other aspects of representational 
fluency is to be determined.  
 
Supplementary online learning modules (OLMs) were identified as an effective means of 
adding additional instruction to benefit a standard first year physics course (Hill, Sharma, & Xu, 
2015). These were weekly, approximately 15 minute exercises for students to complete online 
in order to prepare them for the coming week’s lectures. Chapter 5 illustrates how a large 
percentage of students engaged with this particular teaching format, and found it an effective 
part of their physics course. This indicated that the OLMs were an appropriate medium for 
university students (Chapter 5), and for investigating whether weekly representations 
instruction promotes representational fluency in students 
 
Chapter 6 details how the representations worksheets of Chapter 4 were modified into the OLM 
format. An important feature of this implementation was that the 12 different representations 
taught were not taught in isolation. Instead each week’s OLM was selected in consultation with 
the course lecturers to ensure that the students learned about the particular representation that 
would be most helpful for them in the coming week. They did not learn the representation on its 
own but were given information on the representation and were required to solve problems 
using the representation that were related to the upcoming week’s study. In this way, the 
representation-focussed teaching was well integrated within the course. 
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The results show that students who completed the representations OLMs had the highest gains 
in representational fluency, as measured by the RFS, across the semester of university 
instruction (figure 7.5). The gains were g = .329 which is towards the top of the medium-gain 
range. This was higher than students who completed OLMs based on physics concepts relevant 
to the course (g = .265) and students who did not engage with the modules, or non-participants 
(g = .242) though on average all students experienced medium gains in representational fluency 
(presumably due to their attendance at lectures). 
 
Figure 7.5: Learning gains on the RFS from students completing representations OLMs, concepts OLMs 
and students who elected not to participate in the OLMs. (6.6) 
 
While this is almost certainly not the only way to teach representational fluency to university 
students (and may not even be the most effective way) it demonstrates that it is possible to 
deliberately teach students in a way that improves their representational fluency.  
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Figure 7.6: How can students’ development of representational fluency be facilitated? 
 
7.3.3 Implications for Teachers 
The immediate implication for teachers is that this thesis has shown that improvements in a 
student’s representational fluency can be facilitated through proper instruction. Teachers do 
play a role in developing the representational fluency of their students. This thesis has shown 
that this is possible and provided one way for representational fluency to be improved over the 
course of a semester of university-level instruction. 
 
University course co-ordinators should consider whether a similar implementation of 
representations OLMs would be suitable for their student cohorts, in light of this thesis’ 
demonstration of their effectiveness with the first year physics students at the University of 
Sydney.  
 
If a similar implementation is not deemed suitable, perhaps for a secondary school context, 
teachers should consider how they can use the same principles to adapt a teaching strategy for 
their students. How to use representations should be explicitly taught, and taught in a way that 
is integrated with course material. One strategy may be introducing students to a particular 
representation or set of representations at the start of a lecture or class. This can be an explicit 
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teaching moment, and if the representations taught are also the ones that will be used heavily 
during the class, they will be well integrated with the course. 
  
7.3.4 Implications for Research 
One way of facilitating students’ representational fluency has been presented in this thesis. This 
shows that teaching students to develop their level of representational fluency is an attainable 
goal. Therefore researchers should not see representational fluency as a predefined 
characteristic of proficient physics students, but rather a skill that can be developed.  
 
Currently, research in representations targets a subset of representational fluency – particularly 
improving students’ ability to use one particular representation. The value of this has been 
further demonstrated in this thesis where one representation was taught each week. Future 
research should consider whether there are effective was to teach a variety of representations 
concurrently. Rather than simply trying to improve a student’s graphicacy, can a single lesson 
aim to improve the way that students use both equations of motion, and graphs of motion? 
There is limited research in this area. 
 
7.3.5 Work to be done 
As education moves online there are both benefits and challenges. One challenge for science 
education is the change in the way students can communicate using representations through 
online mediums. With pen and paper students can draw diagrams, flow charts, graph, and write 
equations without any technological limitations. Online, students are constrained by the 
particular software they are using and their technical skills. While equations can be written on a 
computer, the manipulation and use of equations using technology is a difficult or at least 
unfamiliar skill when compared with writing equations on a physical piece of paper. 
 
This was recognised as an issue when analysing student responses to questions in the OLMs. 
Their answers were online and therefore were restricted. There was a desire to analyse the 
representations that the students chose to use to solve the OLM problems using similar 
techniques to the analysis of the worksheets described in Chapter 4. The questions in the OLMs 
were intentionally written to facilitate allowing students’ responses to show categorisation of 
the representations that they used, but so far, the analysis of these results is limited. This is 
something that will hopefully be continued in the future in conjunction with research into the 
benefit of the online environment for science education. 
 
In conclusion, the results and analysis presented in the papers of this thesis (Chapters 2-6) have 
offered answers to the three questions surrounding representational fluency, provided 
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implications for teachers and researchers, and have led to further questions to be investigated. 
What is representational fluency, what role does representational fluency play in physics 
learning, and how can students’ development of representational fluency be facilitated? 
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Appendix A 
The Representational Fluency Survey 
The Representational Fluency Survey (RFS) is a novel contribution to physics education 
research. It is designed to be used with university physics students in order to measure their 
representational fluency somewhat independent of their level of physics content or conceptual 
knowledge. 
 
The test is designed to take a maximum of 30 minutes. 
 
The journal article forming Chapter 2 describes the creation of the RFS and examines the 
validity and reliability of the test. 
 
The journal article forming Chapter 3 demonstrates the use of the RFS to diagnose levels of 
representational fluency and to determine various characteristics of students with high 
representational fluency which allows for a more developed understanding of scientific 
representational fluency. 
  
Appendix A – The Representational Fluency Survey 
160 
 
 
Appendix A – The Representational Fluency Survey 
161 
 
 
Appendix A – The Representational Fluency Survey 
162 
 
 
Appendix A – The Representational Fluency Survey 
163 
 
 
Appendix A – The Representational Fluency Survey 
164 
 
 
Appendix A – The Representational Fluency Survey 
165 
 
 
Appendix A – The Representational Fluency Survey 
166 
 
Appendix B – Worksheets on physics concepts and representations for year 12 physics students 
 
167 
 
Appendix B 
Worksheets on physics concepts and representations for year 12 
physics students 
In order to investigate methods of facilitating student development of representational fluency, 
two sets of worksheets were created to be used with physics students in their final year of high 
school. 
 
The development and use of these worksheets are described in the published paper included as 
Chapter 4. 
 
There were four worksheets created, as detailed below, and each are included in this appendix. 
 
The four worksheets. Two on the topic of forces, two on the topic of energy. 
Topic Representations Worksheets Concepts Worksheets 
Forces Free-body diagrams Tension and friction 
Energy Equations of energy Kinetic and potential energy 
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Appendix C 
Online learning modules for first year university physics students 
A total of 23 online learning modules (OLMs) were created as part of this research in order to 
investigate the question of how can we facilitate students to develop representational fluency. 
The investigation into the student response to completing OLMs is presented in Chapter 5 
allowing for Chapter 6 to compare the relative effectiveness representations or concepts 
focussed modules. 
 
There are two streams of modules including a representations-focussed stream (designed to 
introduce students to particular physics representations that would be relevant to their upcoming 
week’s lectures) and a concepts-focussed stream (to introduce students to physics concepts 
before their lectures). Students at the university studying first year regular physics were 
randomly selected for participation in either stream.  
 
Topics for the areas of Mechanics, Thermal Physics, and Waves and Oscillations. All of the 
Representations OLM are highlighted as they all were relevant to the RFS. Five Concepts OLM are 
highlighted as these were from mechanics therefore relevant to the FMCE. 
Week Topic Area Representations OLM Concepts OLM 
1 
Mechanics 
Free Body Diagrams 
 
Understanding Tension & Friction 
2 Equations of Energy 
 
Kinetic & Potential Energy 
3 Resolving Vectors 
 
Momentum and Impulse 
4 Representing Torque 
 
Introduction to Torque 
5 The Vector Cross Product 
 
Understanding Angular Momentum 
6 
Thermal Physics 
Linear Relationships & 
Proportionality 
Linear Expansion & Specific Heat 
Capacity 
7 Diagrams of Gases 
 
Introduction to Ideal Gases 
8 Work done by Gases 
 
Thermal Physics Processes 
9 Drawing Heat Engine 
 
Heat Engines 
10 
Waves and 
Oscillations 
Using Graphs to Describe Periodic 
Motion 
Applications of Simple Harmonic 
Motion 
11 The Wave Equation 
 
Mechanical Waves 
12  Reflection and Feedback Reflection and Feedback 
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Appendix D 
Relevant human ethics forms 
All activities involving human participation of this research were conducted under the 
supervision and approval of the University of Sydney Human Ethics Committee. 
 
In this appendix are included the three relevant participant information statements that were 
offered to participants before they consented to be involved in the research. 
 
These include: 
(i) The Participation Information Statement for university students completing the 
Representational Fluency Survey (relevant for Chapters 2 and 3). 
(ii) The Participation Information Statement for year 12 physics students completing 
concepts or representations based worksheets (relevant for Chapter 4). 
(iii) The Participation Information Statement for university students completing weekly 
online learning modules in first year physics (relevant for Chapters 5 and 6). 
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(i) Participation Information Statement for university students completing the 
Representational Fluency Survey (relevant for Chapters 2 and 3). 
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(ii) Participation Information Statement for year 12 physics students completing 
concepts or representations based worksheets (relevant for Chapter 4). 
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(iii) Participation Information Statement for university students completing weekly 
online learning modules in first year physics (relevant for Chapters 5 and 6). 
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